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A B S T R A C T
The cardiac conduction system is vital for the initiation and mainte-
nance of the heartbeat. Over the recent years, the zebrafish (Danio re-
rio) has emerged as a promising model organism to study this special-
ized system. The embryonic zebrafish heart’s unique accessibility for
light microscopy has put it in the focus of many cardiac researchers.
However, imaging cardiac conduction in vivo remained a challenge.
Typically, hearts had to be removed from the animal to make them ac-
cessible for fluorescent dyes and electrophysiology. Furthermore, no
technique provided enough spatial and temporal resolution to study
the importance of individual cells in the myocardial network.
With the advent of light sheet microscopy, better camera technol-
ogy, new fluorescent reporters and advanced image analysis tools,
all-optical in vivo mapping of cardiac conduction is now within reach.
In the course of this thesis, I developed new methods to image and
manipulate cardiac conduction in 4D with cellular resolution in the
unperturbed zebrafish heart.
Using my newly developed methods, I could detect the first cal-
cium sparks and reveal the onset of cardiac automaticity in the early
heart tube. Furthermore, I could visualize the 4D cardiac conduction
pattern in the embryonic heart and use it to study component-specific
calcium transients. In addition, I could test the robustness of embry-
onic cardiac conduction under aggravated conditions, and found new
evidence for the presence of an early ventricular pacemaker system.
My results lay the foundation for novel, non-invasive in vivo studies
of cardiac function and performance.
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Part I
I N T R O D U C T I O N

1
Z E B R A F I S H C A R D I A C C O N D U C T I O N
1.1 the zebrafish heart
The zebrafish (Danio rerio) is a tropical fresh water fish and an impor-
tant vertebrate model system in scientific research. Due to its optical
clarity and simplified heart structure, it is ideal for studying the ge-
netic, morphological and functional basis of cardiovascular develop-
ment in vivo [Poon and Brand 2013]. The physiology of the zebrafish
heart resembles that of the human heart in many aspects and in ad-
dition, it has the ability to regenerate after heart injury. Furthermore,
zebrafish are small in size: They measure 1-3 mm during embyogene-
sis and 3-5 cm as adult, and housing thousands of small fish only re-
quires little space. The high number of progeny - females lay up to 200
eggs per week - allows to screen many siblings at the same time and
makes zebrafish ideal for statistical analysis. For all the mentioned
reasons, zebrafish have been proposed as a cost-effective model sys-
tem for genetic and pharmacological high-throughput screens of fac-
tors involved in heart function and repair [Bugel et al. 2014]. Large
mutagenesis screens led to the identification of various genes impor-
tant in vertebrate organogenesis [Haffter and Nusslein-Volhard 1996,
Driever et al. 1996], and successive screens revealed heart-specific mu-
tations [Chen et al. 1996, Stainier et al. 1996, Stainier 2001]. Popular
mutations are silent heart (sih) affecting the gene tnnt2a essential for
sarcomere assembly [Sehnert et al. 2002], breakdance (bre) affecting
heart rhythm and pacemaker activity [Kopp et al. 2005], and cloche
(clo) affecting the differentiation of endocardium and atrio-ventricular
conduction delay [Stainier et al. 1995, Milan et al. 2006].
1.1.1 Morphology & function of the zebrafish heart
The zebrafish has a simple, two-chambered heart that is located dor-
sally between head and trunk (Figure 1). Both chambers, atrium and
ventricle, have two main cell layers: the inner endocardium and the
outer myocardium. The surrounding pericardium, a double-walled
sac containing the heart and the roots of the great vessels, fixes the
heart to the thorax, gives protection against infection, and provides
the lubrication for the heart. The chambers are connected by the atrio-
ventricular canal. Blood enters the heart at the inflow tract during
atrial diastole, when the atrium is in a relaxed state. The contraction
of the atrium (atrial systole) pumps the blood into the ventricle. Blood
3
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Figure 1 Zebrafish heart and cardiovascular system. A: Bright-field image of a 7 dpf ze-
brafish larvae. B: The position of the heart (H) in the cardiovascular system. Images adapted
from Brown University[Isogai et al. 2001] and Interactive Atlas of Zebrafish Vascular Anatomy
(zfish.nichd.nih.gov (9/16/2014)). Scale bar: 500 µm.
exits the heart through outflow tract and bulbus arteriosus into the
ventral aorta of the vascular network.
1.1.2 Development of the zebrafish heart
Between 5 hpf and 36 hpf, the zebrafish heart develops from progeni-
tor cells into a two-chambered organ that sits between head and yolk.
Already at 1 dpf, a linear heart tube has formed and starts to beat.
The process of embryonic heart development is described in detail in
Figure 2.
1.2 the zebrafish cardiac conduction system
Although it only features a simplified two-chambered heart morphol-
ogy, the zebrafish’s electrocardiogram and the overall shape of its
action potentials are very similar to that of humans [Nemtsas et al.
2010]. The heart rate of adult zebrafish is close to that of humans,
with a frequency of 120 beats per minute. The heart rhythm is ini-
tiated and maintained by the cardiac conduction system, a complex
network of specialized cells. Failure of the cardiac conduction system
has immediate adverse effects, including heart failure and sudden
cardiac death [Jongbloed et al. 2004, Kléber and Rudy 2004]. Cardiac
conduction also has a crucial influence on chamber morphogenesis
[Chi et al. 2010].
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Figure 2 Embryonic zebrafish heart development. A: At 5 hpf, heart progenitor cells are lo-
cated throughout the ventral and lateral regions of the embryo. B: At 12 hpf, the heart pro-
genitor cells involute and migrate to the level of the future hindbrain. Endocardial (blue) and
myocardial precursors (brown). C: At 15.5 hpf, the myocardial precursors have segregated into
pre-ventricular (red) and pre-atrial (yellow) groups. D: At 19 hpf, myocardial precursors merge
to form a horseshoe-shaped structure. By 19.5 hpf, the horseshoe transforms into a cone with
ventricular cells (red) at its center and apex, and the atrial cells (yellow) at its base. The endo-
cardial cells (blue) line the inside of the cone. E: At 22 hpf, the linear heart tube forms out of
the tube; its ventricular end assembles first, followed by the atrial end. F: By 24 hpf, the tube
is oriented along the anterior-posterior axis with the atrial and to the left of the midline. By 30
hpf, distinct ventricular and atrial chambers form. G: By 36 hpf, the heart undergoes looping
morphogenesisa and by 48 hpf, functional valves are formed. (A, anterior; AP, animal pole; D,
dorsal; P, posterior; V, ventral; VP, vegetal pole; L, left; R, right.) Figure adapted from [Stainier
2001].
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1.2.1 How the cardiac conduction system works
The zebrafish cardiac conduction system consists of several functional
components responsible for producing a pacemaking impulse and
distributing action potentials across the heart in a coordinated man-
ner.
a. sinus venosus
b. atrial myocardium
c. atrio-ventricular myocardium
d. ventricular trabeculae
e. ventricular myocardium
The cardiac action potential is an event in which the membrane
potential of myocardial cells rises and falls in a consistent manner
[Klabunde 2011]. The resulting electrical stimulus propagates across
the myocardium through gap junctions between adjacent cells (Fig-
ure 3). Several components of the cardiac conduction system show
different action potentials (Figure 4), which allow them to perform
distinct functions. Of key importance for the heart is a specialized ex-
citatory system with pacemaker activity. Pacemaker have the special
property of depolarizing without any external influence with a slow
increase in membrane potential. This increase occurs between two
consecutive action potentials and permits the membrane potential to
reach a threshold at which it fires the next action potential. Hence, the
pacemaker potential drives the self-generated rhythmic firing, the so
called cardiac muscle automaticity [Berne et al. 2004].
Cardiac pacemaker activity has been localized to a few cells at
the zebrafish sinus venosus [Arrenberg et al. 2010], whose function
is similar to that of the sinoatrial node in mammals [Irisawa 1978,
Blaschke et al. 2007]. The initiated action potential propagates across
cell membranes and intercellular gap junction proteins of the atrial
myocardium. It gets significantly delayed at the atrio-ventricular canal
before entering the ventricle. By delaying the electrical impulse be-
tween both chambers, the atrio-ventricular myocardium maintains co-
ordinated chamber contractions [Milan et al. 2006]. A fast conduction
system in the zebrafish ventricle establishes an apex-to-base activa-
tion. In contrast to mammals, zebrafish do not have morphologically
defined His-Purkinje bundles, but trabeculae as evolutionary precur-
sors. Ventricular trabeculae are essential for the fast propagation of
the electrical impulse to the apex [Liu et al. 2010]. From the apex,
conduction travels across the ventricular myocardium and terminates
at the ventricular outflow tract.
In every myocardial cell, the incoming electrical stimulus (cardiac
action potential) is then converted into mechanical response (cardiac
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Figure 3 Myocardial propagation of action potentials. A: Dominated action potentials are
generated in the sinoatrial node (SA) and propagate through the adjacent myocardium. The
muscle cells are connected by intercalated discs and form a coupled syncytium. B: The electrical
current propagates through intercellular gap junction channels made from connexin. Figures
adapted from Pearson Education 2011 (www.pearsoned.com, 09/12/2014).
Figure 4 Action potentials and calcium transients in the zebrafish heart. A: Typical ECG
recording (top) and optically mapped action potential (bottom) in adult zebrafish heart [Tsai
et al. 2011]. B: Typical atrial (top) and ventricular (bottom) action potentials recorded from
spontaneously beating intact zebrafish hearts [Nemtsas et al. 2010]. C: Typical intracellular
calcium transient measured within a Fluo-4-loaded isolated ventricular myocyte [Zhang et al.
2011].
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contraction), a process which is known as excitation-contraction cou-
pling [Sandow 1952]. This mechanism involves a variety of ion chan-
nels and is still not completely understood. In general, the arriving
action potential depolarizes the cell membrane. This depolarization
results in an increase in cytosolic calcium, which is called calcium
transient (Figure 4). This calcium transient activates the sarcomere,
calcium-sensitive contractile proteins that use ATP to cause cell short-
ening (Figure 5).
Different calcium transients and action potentials measured in the
embryonic zebrafish heart confirm that atrial, atrio-ventricular and
ventricular myocardium have distinct electrophysiological properties
[Chi et al. 2008]. Embryonic and adult zebrafish’s electrophysiology
displays a high functional similarity to that of mammals. The adult
zebrafish action potential upstroke is dominated by sodium channels,
L-type calcium channels contribute to the plateau phase and hERG
channels are involved in the repolarization. However, zebrafish car-
diomyocytes show a strong T-type calcium current, giving further
evidence that they are in a more immature state than in mammalian
hearts [Nemtsas et al. 2010].
1.2.2 Development of the cardiac conduction system
The formation of the zebrafish cardiac conduction system compo-
nents occurs within a precise spatial and temporal framework, as-
suring the maintenance of a rhythmic heartbeat throughout organo-
genesis. The development of this system has been divided into four
stages (Figure 6) [Chi et al. 2008].
a. Between 20 and 24 hpf, a linear activation wave travels across
the heart tube from the sinus venosus to the outflow tract.
b. From 36 to 48 hpf, a significant conduction delay develops at
the atrio-ventricular canal.
c. Starting at 96 hpf, an immature fast conduction network devel-
ops within the ventricle.
d. Until 21 dpf, the fast conduction system fully matures and an
apex-to-base activation pattern appears.
Biomechanical forces created by systole and blood flow have impor-
tant roles in the inductive patterning and functional integration of the
developing conduction system. The intracellular expression and local-
ization of myocardial gap junction proteins is altered by the cyclic me-
chanical stress exerted by the rhythmic cardiac contractions, resulting
in the typical elongated cells with an accentuation of connexins such
as Cx43 at the cell poles [Salameh and Dhein 2013]. Furthermore, the
1.2 the zebrafish cardiac conduction system 9
Figure 5 Molecular mechanisms of muscle contraction. An incoming action potential causes
the release of calcium from the sarcoplasmatic reticulum (SR). A: The released calcium binds
to troponin and stops tropomyosin from blocking actin. B: ATP-loaded myosin interacts with
actin, ATP hydrolysis results in myosin-actin coupling. C, D: The stepwise release of Pi and
ADP from myosin causes the myosin head to tilt and the actin to relocate. E, F: Myosin binds
new ATP, gets released from actin and returns to its initial position. Calcium returns to the SR.
Simplified scheme, modified from Hank van Helvete (Wikimedia Commons).
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Figure 6 The four developmental stages of the zebrafish cardiac conduction system. Yellow
arrows indicate direction of cardiac conduction. Green circles indicate slow conduction path-
way/pacemaker and atrio-ventricular conduction delay. Blue circles indicate fast conduction
network. Tr: trabeculae. Figure adapted from [Chi et al. 2008].
shape and size of myocardial cells appear to influence cardiac con-
duction. For example, cells in the outer curvatures of atrial and ven-
tricular myocardium, where conduction has to travel faster, are often
elongated in the zebrafish [Chi et al. 2008].
1.3 cardiac optical mapping
1.3.1 Overview of optical mapping
Cardiac optical mapping visualizes action potentials and calcium tran-
sients by utilizing voltage- and calcium-sensitive fluorescent dyes or
genetically encoded reporters. This has been proven to be a powerful
tool for studying cardiovascular function and disease, cardiac conduc-
tion and electro-mechanical coupling [Efimov et al. 1994, 2004, Gray
et al. 1998]. The relevance of optical mapping is highlighted by the
rapid advancements of this imaging technology. Like fluorescence mi-
croscopy and spectroscopy, optical mapping takes advantage of tech-
nical developments in optics, filters and cameras. In addition, new flu-
orescent reporters for optical mapping are developed at a rapid pace.
One popular example is the genetically encoded calcium indicator
GCaMP, which is created from a fusion of green fluorescent protein
(GFP), calmodulin, and M13, a peptide sequence from myosin light
chain kinase. Calcium binding to the calmodulin results in a struc-
tural shift and an increase in fluorescence intensity [Wang et al. 2008].
GCaMP was invented in 2001 and has since then been improved to-
wards fast kinetics, high signal-to-background ratio and good photo-
stability, resulting in a variety of new versions (Figure 7) [Nakai et al.
2001, Tallini et al. 2006, Tian et al. 2009, Shindo et al. 2010, Muto and
Kawakami 2011, Akerboom et al. 2012].
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Figure 7 Design of the calcium indicator GCaMP5G. A: Schematic of the GCaMP3 structure.
Calcium binding to calmodulin (CaM) results in a structural change and an increase in fluores-
cence intensity of the linked GFP. Modifications in linker1, linker2 and M13 peptide (*) result
in improved performance, e.g. a nearly doubled signal-to-background ratio ∆F/F (B, C). Figure
adapted from [Akerboom et al. 2012].
Although GCaMP was primarily developed to report neuronal cal-
cium signals, it has also been of great use in zebrafish cardiac re-
search, e.g. for studying arrhythmias [Arnaout et al. 2007], cardiac
conduction system development [Chi et al. 2008], the impact of car-
diac conduction on heart chamber morphology [Chi et al. 2010] and
the role of a Popeye domain containing gene for heart muscle de-
velopment [Kirchmaier et al. 2012]. Genetically encoded voltage re-
porters such as Mermaid [Tsutsui et al. 2008] and Arch(D95N) [Kralj
et al. 2011] have just recently been deployed for cardiac research [Tsut-
sui et al. 2010, Hou et al. 2014].
When compared to microelectrode-based electrophysiology, optical
mapping has several advantages for studying cardiac conduction. Al-
though microelectrodes provide direct and immediate measurements,
they are difficult to use in intact embryonic zebrafish due to their
size, and they are inevitably invasive. Furthermore, optical mapping
enables simultaneous measurements in all cells in the field of view.
In contrast to the established optical mapping of cardiac action po-
tentials using fluorescent dyes such as di-8-ANEPPS and Fura-2AM
on excised hearts [Panáková et al. 2010], fluorescent reporters are
suited for in vivo studies: They do not suffer from limited penetration,
they do not display cytotoxic effects or get washed out [Sedmera et al.
2003], and they are tissue-specific.
1.3.2 Challenges for in vivo cardiac imaging
Cardiac optical mapping is typically performed on excised hearts,
which allows to freely orient the heart and facilitates imaging, electri-
cal stimulation and mechanical manipulation [Panáková et al. 2010,
Wythe et al. 2011]. However, the detachment of the heart’s biome-
chanical coupling to its physiological environment has been shown to
impact cardiac conduction, resulting in potentially false results [Hörn-
ing et al. 2012]. Ideally, cardiac optical mapping is performed in vivo
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in the self-supporting, beating heart. Although its heart rate of 2-4 Hz
is significantly lower than in other model organisms such as mouse,
imaging the beating zebrafish heart requires high acquisition speeds
of 40 to 150 Hz [Scherz et al. 2008, Hove and Craig 2011]. Achiev-
ing this temporal resolution usually requires to scarify either field of
view or spatial resolution - or both. Now, new imaging strategies are
required for 3D in vivo cardiac research [Arrenberg et al. 2010, Hou
et al. 2014].
2
L I G H T S H E E T M I C R O S C O P Y
2.1 principle of light sheet microscopy
Light sheet microscopy already emerged at the beginning of the 20th
century [Siedentopf and Zsigmondy 1902], but it took more than a
century to introduce it to the life sciences as a versatile fluorescence
microscopy technique [Huisken et al. 2004]. Since then, it proofed to
be a powerful technique especially for biologists interested in imag-
ing developmental processes in 3D. The main feature of light sheet
microscopy - fast and gentle optical sectioning even with low magni-
fication, low-NA detection objectives - is a major improvement over
other fluorescence microscopy techniques for the real-time in vivo
imaging of larger specimen such as entire organisms [Huisken and
Stainier 2009, Weber and Huisken 2011]. Since the discovery of light
sheet microscopy for developmental biology in 2004, numerous in-
strumental designs have been developed. All of them share the same
basic principle: A thin sheet of laser light illuminates a fluorescently
labeled specimen from the side and excites fluorescence only in the
focal plane of the detection objective, and the emission light is then
imaged with a camera [Huisken and Stainier 2007]. This new class of
microscopes has been used for a variety of biological specimens, such
as zebrafish [Keller et al. 2008, Swoger et al. 2011, Schmid et al. 2013,
Ahrens et al. 2013], fruit fly [Huisken et al. 2004, Krzic et al. 2012,
Tomer et al. 2012], worm [Wu et al. 2011], mouse [Ermolayev et al.
2009, Silvestri et al. 2012], spheroids [Lorenzo et al. 2011] and plants
[Maizel et al. 2011, Sena et al. 2011]. Biologists now observe cellular
and morphogenetic events occurring in real time in entire embryos,
without having to excise and isolate the organ or tissue of interest.
2.1.1 Light sheet illumination
Light sheet microscopy combines two distinct optical paths, one for il-
lumination with a light sheet and one for wide-field detection, orthog-
onally to the illumination path [Huisken et al. 2004]. The light sheet
is aligned with the focal plane of the detection path, and the waist of
the sheet is positioned in the center of the field of view (Figure 8). As
a result, only the focal plane of the detection lens is selectively illumi-
nated. This configuration has two major advantages when compared
to other optical sectioning techniques such as laser scanning confocal
or spinning disc confocal microscopy:
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Figure 8 The principle of light sheet microscopy. A: Illumination and detection objectives are
oriented orthogonally, and the sample is placed at the intersection of their focal planes. A sheet
of laser light illuminates a thin slice of the sample. B: View from top. The light sheet has a waist
in the center of the field of view and overlaps perfectly with the focal plane of the detection
objective. Figure from [Weber et al. 2014b].
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a. The energy input is confined to the plane of interest, thus dra-
matically reduced relative to other fluorescence microscopy tech-
niques. This results in minimized photo-toxicity and -bleaching
[Reynaud et al. 2008, Planchon et al. 2011, Jemielita et al. 2013,
Mahou et al. 2014].
b. The axial extent of each optical section is defined by the thick-
ness of the light sheet, and is therefore independent of the detec-
tion objective’s numerical aperture. This results in up to twofold
better axial resolution than a confocal microscope and makes
light sheet microscopy the optical sectioning technique of choice
for imaging large specimen using detection objectives with a
large field of view [Engelbrecht and Stelzer 2006].
The properties of the light sheet, such as thickness and uniformity,
are crucial for the performance of the microscope. Diffraction limits
the minimal thickness of a light sheet to about 1 µm for a small field of
view (ca. 60 µm) and about 6 µm for a large field of view (ca. 600 µm)
[Engelbrecht and Stelzer 2006]. Light sheets are typically generated
in one of two ways:
a. Scanned light sheets are generated by rapidly moving a laser
beam over the field of view [Keller et al. 2008]. This offers high
flexibility: The height of the sheet is easily adapted by changing
the scanning amplitude, and the thickness is adjusted by chang-
ing the diameter of the incoming laser beam. The light sheet
intensity is homogeneous across the field of view. Special tech-
niques such as structured illumination [Breuninger et al. 2007,
Keller et al. 2010], two-photon excitation [Truong et al. 2011],
Bessel beams [Planchon et al. 2011] and confocal line detection
[Baumgart and Kubitscheck 2012, Fahrbach et al. 2013a] rely on
a scanned light sheet.
b. Static light sheets are generated by sending an extended laser
beam through a cylindrical lens [Huisken et al. 2004]. This ap-
proach is easier to integrate, does not require moving parts
and provides instantaneous illumination. Therefore, it requires
much less laser power per line and supports higher acquisition
speeds.
2.1.2 Wide-field detection
In light sheet microscopy, when using a static light sheet, the entire
plane of interest is illuminated instantaneously. Consequently, it of-
ten utilizes standard wide-field detection including fast and sensitive
cameras. In contrast, in spinning disc, point- or line-scanning confocal
microscopy, imaging the plane of interest requires time-consuming
scanning. The parallel recording of all pixels in light sheet microscopy
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is much more efficient, and the local excitation intensity is kept very
low. In combination with fast and sensitive cameras, large image
datasets are acquired much faster than with any other optical sec-
tioning technique. At the same time, light sheet microscopy offers a
superior signal-to-background ratio and minimal photo-toxicity. This
is another reason why this microscopy technique is ideal to follow dy-
namic processes in developing specimens [Weber and Huisken 2011].
The detection path is built almost identical to a wide-field fluo-
rescence microscope, but does not require a dichromatic mirror to
couple an excitation light source. The detection objective collects flu-
orescence from the illuminated specimen plane, passes it through the
emission filter, and the tube lens projects the light onto a camera chip.
Now that the illumination is instantaneous, the detection is very light
efficient and photo-bleaching and -toxicity are minimized. The limit-
ing factor for recording time and acquisition speed is not the sample
anymore, but rather the camera and the attached data handling. With
the advent of time-lapse recordings which last hours or even days
[Kaufmann et al. 2012], the amounts of image data are enormous and
easily exceed the bandwidth and storage capacity of normal acquisi-
tion computers. New strategies such as image compression or selec-
tive image acquisition [Schmid et al. 2013] are promising, but often
tailor-made for specific imaging setups and experiments.
2.2 implementations of light sheet microscopy
Ideally, light microscopes for in vivo studies are built around the spec-
imen. They maintain the best possible condition for the specimen, but
also provide a good image quality and the spatiotemporal resolution
required for the experiment. Light sheet microscopy offers the neces-
sary degree of flexibility to turn this idea into reality. As a result, we
now find a variety of commercial and home-built implementations
[Pitrone et al. 2013, Gualda et al. 2013].
The orthogonal optical arrangement of the illumination and detec-
tion paths can be set up in horizontal [Huisken et al. 2004, Huisken
and Stainier 2007, Krzic et al. 2012, Tomer et al. 2012, Weber and
Huisken 2012], vertical [Dodt et al. 2007, Vladimirov et al. 2014] or in-
verted [Wu et al. 2011] fashion (Figure 9). A consequence of the hori-
zontal arrangement is the vertical sample orientation. This requires
new strategies for sample mounting; in the most commonly used
protocols, the specimen is embedded in a cylinder of low-melting
agarose, which is extruded from a glass capillary into the medium-
filled chamber [Reynaud et al. 2008]. But the vertical sample mount-
ing offers the unique ability to not only translate, but also rotate
the specimen without gravity-induced deformations. The specimen is
quickly and precisely oriented, can be imaged from multiple angles,
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Figure 9 Implementations of light sheet microscopy. A: A basic light sheet microscope with
one objective for illumination and one for detection. The sample is oriented vertically in the
medium-filled chamber. B: In a three-lens configuration, a second illumination arm is added.
C: An ultramicroscope with two illumination arms in an upright configuration with a low-
magnification objective. D: A configuration with a second detection objective to acquire images
from two sides simultaneously. E: An inverted configuration for using slide-mounted speci-
men. F: Light sheet image data acquired with single-sided illumination can suffer from image
distortions caused by refraction, scattering and absorption. G: Double-sided illumination can
circumvent such distortions by combining two well-illuminated halves of an image into one.
Figure from [Weber et al. 2014b].
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and multi-position and multi-view datasets can be acquired [Swoger
et al. 2007, Preibisch et al. 2010].
Many light sheet microscopes are equipped with a medium-filled
sample chamber and water-corrected illumination and detection ob-
jective lenses. This, combined with water-based sample mounting, al-
lows to maintain a refractive index-matched beam path. It also pro-
vides the possibility to use incubation systems for environmental con-
trol and drug supply.
Larger samples like millimeter-sized tissues or entire embryos are
likely to refract, scatter and absorb light. Such unfavorable optical
properties cause image distortions and can broaden or displace the
light sheet, resulting in limited penetration depth and reduced opti-
cal sectioning. In those cases, a second illumination arm and addi-
tional optics to pivot the light sheet around the center of the field of
view can improve the image quality [Huisken and Stainier 2007]. Fur-
thermore, a second illumination arm increases the flexibility of the
microscope for the imaging of heterogeneous samples, by providing
two different combinations of detection and illumination (Figure 9).
The flexibility and accessibility of light sheet microscopy fosters
unique combinations of imaging-related techniques. The fast opti-
cal sectioning capabilities are utilized for new approaches of fluo-
rescence lifetime imaging [Greger et al. 2011] and fluorescence cross-
correlation spectroscopy [Krieger et al. 2014], the combination with
optogenetics enables the optical control of zebrafish cardiac function
[Arrenberg et al. 2010], and a hybrid setup of light sheet microscopy
and optical projection tomography deploys the advantages of both
techniques [Mayer et al. 2014].
3
T H E S I S A I M A N D O V E RV I E W
For my thesis I have set myself the goal to better understand the
zebrafish heart and its underlying control mechanisms by developing
functional technical solutions to visualize, manipulate and analyze
zebrafish cardiac conduction in vivo.
With selected transgenic zebrafish lines, a custom-built light sheet
microscope and dedicated image processing and analysis, I could
reveal the 4D cardiac activation pattern and gain new insights into
properties and features of the zebrafish cardiac conduction system.
The results part is divided into four chapters:
Chapter 4 evaluates the performance of light sheet microscopy for
in vivo imaging of the embryonic zebrafish heart and its conduction
system. It also describes the first steps for extracting and tracking cal-
cium transients using genetically encoded fluorescent reporters and
a dedicated analysis tool.
Chapter 5 describes the process of designing, building and evaluat-
ing a high-speed light sheet microscope for zebrafish cardiac research.
Chapter 6 illustrates my approach of imaging the zebrafish heart
in 4D, and why this is crucial for the understanding of cardiac con-
duction.
Chapter 7 presents results of simultaneous optical mapping and
light-medicated control of cardiac conduction.
I evaluate my results and findings in the discussion (Chapter 8) and
give some concluding remarks (Chapter 9).
The remaining parts of the thesis contain material and methods
(Chapter 10) and supplementary information for each results chapter
(Appendix A).
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Part II
R E S U LT S

4
I N V I V O I M A G I N G O F Z E B R A F I S H C A R D I A C
C O N D U C T I O N
A powerful imaging technique is an indispensable requirement for
optical mapping of an entire vertebrate heart. The challenges for clas-
sic approaches using ex-planted hearts are already high, as it requires
a fast camera that provides the necessary temporal resolution. In case
of in vivo optical mapping with cellular resolution, challenges are
even higher. The camera has to be fast, but also has to have sufficient
spatial resolution to resolve individual cells. In order to discriminate
cells in axial direction, the microscopy technique has to provide op-
tical sectioning. Furthermore, all of those techniques have to work
inside a living vertebrate. Light sheet microscopy has proven to be
an excellent tool for studying the development of multi-cellular or-
ganisms in vivo. Here, I investigated how well light sheet microscopy
performs for imaging the heart of a living zebrafish embryo. Ulti-
mately, the combination of the model organism zebrafish and light
sheet microscopy should offer a good basis of studying the vertebrate
cardiac conduction system in vivo.
4.1 light sheet microscopy of the zebrafish heart
For initial studies of the zebrafish heart, the developmental stage at
2 dpf is ideal. Most embryos of a batch hatched from their initial egg
shell, the so called chorion. At this stage, their heart is clearly visible
and located between head and yolk, beats in a regular fashion and
its two chambers - atrium and ventricle - are clearly distinguished in
transmission (Figure 10). Transmitted light is a great help to orient
the fish in the light sheet microscope and to judge its health and
developmental stage.
However, the different layers of the heart cannot be distinguished
using transmitted light, and much better contrast is required to iden-
tify individual cells. Here, transgenic zebrafish expressing genetically
encoded fluorescent reporters under tissue-specific promoters are an
excellent solution. Different cells and tissues are now studied sep-
arately from one another on basis of their specific emission wave-
lengths.
Light sheet microscopy is an excellent complement for the imaging
of beating, fluorescently labeled zebrafish hearts. Fast optical section-
ing confines the excitation of fluorescent reporters to the focal plane
of the detection objective. Optical sections imaged with a light sheet
microscope in transgenic Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed) ze-
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Figure 10 Brightfield imaging of the 2 dpf zebrafish heart. A: Ventricular systole. B: Atrial
systole. IFT: inflow tract, A: atrium, AVC: atrio-ventricular canal, V: ventricle, OFT: outflow
tract. Scale bar: 20 µm. 1 movie is available in Appendix E.
brafish expressing fluorescent proteins in myocardium, endocardium
and blood cells reveal details and dynamics of the embryonic heart
(Figure 11).
With light sheet microscopy, the beating zebrafish heart is imaged
at an impressive level of detail. It illustrates how the myocardium
contracts, compressing the endocardium and resulting in suction and
pumping of blood cells. The heartbeat at this stage is already very
regular and hints to a robust synchronization of the myocardium. The
illumination with a laser light sheet and the detection with a fast
camera results in images that feature very good contrast, no motion
blur and a spatial resolution high enough to identify individual cells.
This alone makes light sheet microscopy the best technique for in vivo
cardiac imaging. In addition, the flexible sample orientation as well as
the ability to switch illumination sides is key to position the zebrafish
such that the heart is imaged best. At 2 dpf, the zebrafish needs to be
turned by about 30◦ around its anterior-posterior axis starting from
ventral towards left-ventral.
Due to the constant motion of the heart, recordings of adjacent
planes of a z-stack are shifted in phase. In incrementally recorded z-
stacks, this phase shift is minimized - but never removed - by using
a higher acquisition speed. Thus, 3D reconstructions of the beating
heart will require elaborate imaging and/or processing strategies.
The heart rate of zebrafish embryos is influenced by ambient tem-
perature and illumination power during imaging (Section A.4). It is
therefore important to assure constant temperature and low illumina-
tion power while imaging the zebrafish heart.
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Figure 11 Light sheet microscopy of 1 dpf to 4 dpf zebrafish hearts. Transgenic Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Hearts are imaged at room temperature and beat at a rate
of 1.3 Hz (1 dpf, A), 1.9 Hz (2 dpf, B), 2.9 Hz (3 dpf, C) and 2.4 Hz (4 dpf, D). IFT: inflow tract, A:
atrium, AVC: atrio-ventricular canal, V: ventricle, OFT: outflow tract. Scale bar: 20 µm. 4 movies
are available in Appendix E.
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Light sheet microscopy proved to be ideal for in vivo imaging of the
beating heart inside 2 dpf zebrafish. At his stage, the zebrafish head
is already lifted and the heart is not yet concealed in the chest, pro-
viding enough space to access it for imaging. But at 2 dpf, the heart
is just in the middle of organogenesis. In order to follow cardiac mor-
phogenesis and the development of the cardiac conduction system,
it is required to extend the imaging towards earlier and later stages.
Here, I investigated how well light sheet microscopy performs for in
vivo cardiac imaging in younger fish as well as older ones.
At 1 dpf, the zebrafish heart is a linear tube that performs regu-
lar peristaltic pumping. At this developmental stage, the heart is lo-
cated on the left-ventral side, but imaging access is obscured by the re-
tracted head and the big yolk sac. It is still possible to mount and ori-
ent the zebrafish such that optical sections of the heart are obtained,
by carefully rotating the fish by about 60◦ towards its left-ventral side
(Figure 11). Myocardium, endocardium and blood cells are visualized
by expressing multiple fluorescent proteins under tissue-specific pro-
moters.
Between 1 dpf and 4 dpf, light sheet microscopy of the zebrafish
heart revealed substantial morphogenetic changes (Figure 11). The
process of looping results in the formation of atrium and ventricle,
which are subsequently complemented by the passive bulbus at the
outflow tract. The formation of cardiac valves at the atrio-ventricular
canal as well as at the outflow tract increase the efficiency of the
pumping. As the heart slowly moves from left-ventral to ventral, the
sample rotation of the light sheet microscope allows to adapt and to
sustain good access for cardiac imaging. At 4 dpf, the heart starts
to get concealed in the chest and is more and more surrounded by
developing vasculature and gills. A detection from the ventral side,
combined with double-sided light sheet illumination, continues to
provide good image data. Although the heart undergoes those drastic
morphogenetic changes, the heartbeat remains regular throughout
embryogenesis, giving strong evidence to an existing and evolving
cardiac conduction system.
Overall, the presented data confirm that light sheet microscopy per-
formed very well for cardiac imaging in the developing zebrafish
heart. The data reveal a consistently regular heartbeat and the ques-
tion remains how this regular heartbeat is established and maintained.
Little is known about the formation of the cardiac conduction system
in the vertebrate heart, and imaging the onset of cardiac conduction
and contraction might reveal more about this process.
4.2 onset of cardiac automaticity
Within just a couple of days, the zebrafish heart undergoes signif-
icant morphogenetic changes, from a linear heart tube covered be-
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tween head and yolk to a two-chambered heart concealed in the chest.
Throughout all those developmental stages, the cardiac conduction
system maintains a regular heartbeat by synchronizing all cardiomy-
ocytes to the frequency of a set of dominating pacemaker cells in the
sinus venosus. So far it remained open how a regular heartbeat is es-
tablished. In order to visualize the first events in cardiac conduction
and contraction, I used the recently introduced double-transgenic
zebrafish line "Caviar" (Tg(myl7:Arch(D95N)-GCaMP5G)) [Hou et al.
2014]. It expresses the fluorescent calcium reporter GCaMP5G and
the fluorescent voltage reporter Arch(D95N). Here, I used this line to
monitor the release of calcium in early zebrafish hearts. Light sheet
microscopy data presented in Section 4.1 reveal that the linear heart
tube at 1 dpf beats in a regular fashion. I extended the cardiac imag-
ing further towards 20 hpf to capture the onset of cardiac automaticity
(Figure 12).
4.2.1 Irregular myocardial calcium release at 20 hpf
At 20 hpf, no cardiac contraction is visible at the lateral-left posi-
tion of the developing heart yet. Strikingly, when imaging transgenic
Tg(myl7:Arch(D95N)-GCaMP5G) zebrafish, sparse and irregular inten-
sity peaks appear in the region of the future linear heart tube. With
an average length of 3 s, the calcium transients are 6 to 9x longer than
those extracted at 2 dpf (Section 4.3.3), and often appear in intervals
of more than 30 s. An average delay of 100 ms is detected between flu-
orescence intensity peaks measured at both ends of the future linear
heart tube, suggesting a conduction wave in the direction of the future
contraction propagation. The absence of visible contractions suggest
that this first calcium release does not trigger myocardial contractions.
Skeletal muscle is already functional, as series of rhythmic contrac-
tions of the zebrafish body appear. Because of the hidden location of
the heart precursors, in vivo imaging represents a challenge, and it
was not possible to resolve individual cells of the myocardium at this
developmental stage. Fluorescence signal from the voltage reporter
Arch(D95N) was not yet detectable. Overall, image data recorded in
the developing 20 hpf zebrafish myocardium show intriguing sparse
calcium release and prolonged calcium transients, prior to cardiac
contractions. Within a short period of time, there has to be a transi-
tion into the regular cardiac rhythm visible in the linear heart tube of
1 dpf zebrafish.
4.2.2 First cardiac contractions at 21 hpf
Image data from the early developing zebrafish heart expressing a
myocardial calcium reporter suggest that initially, cardiac conduction
and contraction are not coupled. At 21 hpf, calcium is released more
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Figure 12 Onset of cardiac automaticity in the zebrafish between 20 and 22 hpf. Fluorescence
and brightfield imaging in Tg(myl7:Arch(D95N)-GCaMP5G) zebrafish over 30 s. Images from
two representative time-points with maximum and minimum fluorescence intensity. Arrows
indicate (future) direction of contraction propagation. Scale bar: 50 µm. Fluorescence intensities
from two indicated regions plotted over time indicate calcium concentrations. Kymographs
measured in brightfield images represent skeletal (A) or cardiac (B, C) contractions. 3 movies
are available in Appendix E.
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regularly and is closely linked to cardiac contractions (Figure 12).
Calcium transients now become shorter with a length of 2 to 3 s,
but missed and out-of-phase transients are common. The delay be-
tween calcium peaks in the direction of contraction propagation re-
mains constant. The correlation of conduction and contraction also
shows that GCaMP5G is responsive enough to report every conduc-
tion event in this developmental stage. Fluorescence from the voltage
reporter Arch(D95N) was still not detectable. Taken together, first ir-
regular cardiac contractions in zebrafish are detected at 21 hpf.
4.2.3 First robust heartbeats at 22 hpf
First irregular cardiac contractions appear at 21 hpf. At 22 hpf, the
recorded fluorescent images have an increased signal-to-background
ratio and reveal distinguishable heart structures. Cardiac conduction
and contraction become very regular with an average rate of 0.7 Hz
(Figure 12). Calcium transients of the two spatially distinct regions
show notable differences in their shape: Transients which appear first
show a steeper rise and slower decay when compared to the delayed
transients. The fluorescent voltage reporter remains undetectable.
Overall, the presented data indicate that the zebrafish heart estab-
lishes a regular heartbeat between 21-22 hpf and at the same time,
cardiac conduction and contraction become closely linked.
4.3 visualization of cardiac conduction
The previous Section 4.2 confirmed that transgenic fluorescent cal-
cium reporters, e.g. GCaMP5G, are a useful tool to visualize changes
in cellular calcium concentrations in the myocardium. I could also
make full use of light sheet microscopy to obtain appealing optical
sections from the beating zebrafish heart with high spatial and tem-
poral resolution (Section 4.1). Here, I combined both aspects and de-
veloped a strategy to visualize cardiac conduction in the embryonic
zebrafish heart.
4.3.1 Calcium measurements in the beating heart
Contractions of the developing zebrafish heart are well recorded us-
ing light sheet microscopy in transgenic fish expressing dedicated
fluorescent reporters. A subset of these reporters indicate changes in
cellular calcium concentration with changes in fluorescence intensity.
I already used one of those reporters, GCaMP5G, to detect the onset
of cardiac conduction in the early zebrafish heart (Section 4.2).
Over the course of zebrafish embryogenesis, GCaMP continues to
be expressed in the myocardium and could be used as an indica-
tor for cardiac conduction by extracting intensity transients from fast
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Figure 13 Calcium imaging in the beating zebrafish heart. A: Optical sections of 2 dpf
Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish recorded at 50 Hz. Calcium re-
porter GCaMP5G (left) and nuclei marker H2A-mCherry (right). Single timepoint (top) and
average intensity projections over one cardiac cycle (bottom). B: Intensity profiles of both chan-
nels from two highlighted regions close to the inflow tract (1, 2). Scale bar: 20 µm.
light sheet microscopy recordings (Figure 13). This, however, would
require the myocardium to keep its position in space. Due to the na-
ture of the beating heart, cardiomyocytes in atrium, atrio-ventricular
canal and ventricle describe a periodic, three-dimensional movement.
This movement typically prevents imaging of individual cardiomy-
ocytes in a single optical section over the entire cardiac cycle. Fur-
thermore, the myocardium contracts and relaxes, leading to changes
in the cell volume over the course of the heartbeat. Assuming a con-
stant amount of fluorescent protein present in the cell, fluorescence
intensity per pixel changes periodically. Calcium transients can be
extracted from the more static areas of the heart, namely the inflow
and the outflow tract. However, already in those regions, the data are
highly altered by the movement and contraction artifacts, and thus
imprecise.
Taken together, the data show that cardiac contraction and three-
dimensional movement prevent the extraction of precise calcium tran-
sients from the beating zebrafish heart. In order to extract distortion-
free calcium transients from the embryonic heart, I need to circum-
vent cardiac contraction without blocking cardiac conduction.
4.3.2 Silencing cardiac conduction in the developing zebrafish
The extraction of distortion-free calcium transients requires the sup-
pression of cardiac contraction. The use of high concentrations of
anesthetics, e.g. Tricaine, is no valid option as they typically impact
action potentials and as a consequence also calcium release. Blocking
4.3 visualization of cardiac conduction 31
the translation of cardiac troponin T type 2a (tnnt2a), a sarcomere unit
required for the correct formation of working cardiac muscle, pre-
vents cardiac contraction in the zebrafish heart. Here, I achieved this
phenotype by injecting a morpholino into the zebrafish zygote that
blocks the transcription of tnnt2a. The result is a silenced heart with
no visible contraction of the myocardium. The morphologly of the
heart from 1 dpf to 4 dpf is visualized using light sheet microscopy in
transgenic zebrafish expressing fluorescent proteins in myocardium,
endocardium and blood cells (Figure 14).
As cardiac contractions are absent, non-distorted z-stacks of the
heart could be acquired. The data show that the overall morphology
of silenced hearts is similar to beating ones. Clearly visible are the
formation of two distinct chambers, the atrium and the ventricle, out
of an initial linear heart tube at 2 dpf. The chambers are connected by
the atrio-ventricular canal and feature myocardium and endocardium.
Malformations of the heart chambers caused by the morpholino in-
jection become more clear with ongoing cardiac morphogenesis. The
pronounced asymmetry found in beating hearts is not reproduced in
silenced hearts, which chambers mainly increase in volume. At 4 dpf,
the space between myocardium and endocardium - filled with car-
diac jelly - is considerably increased, and the overall morphology of
the zebrafish is altered (Section A.1). In order to keep the impact of
the altered morphology as low as possible, only embryos between 1
dpf and 3 dpf were considered for experimental work. Because tnnt2a
is required only for initial sarcomere assembly, suppression of cardiac
contraction can only be achieved by injection of morpholinos into the
zygote. Injection at a later developmental stage, or light-activation of
morpholinos will therefore not fully suppress contraction in the ze-
brafish embryo.
Overall, the injection of a morpholino targeting tnnt2a successfully
suppresses cardiac contraction. The affected cardiomyocytes do not
move or contract, and the development of the resulting silenced em-
bryonic heart is imaged in 3D using light sheet microscopy. This ap-
proach opens up the possibility of 3D in vivo optical mapping in the
embryonic zebrafish heart.
4.3.3 Calcium transients in the silenced heart
Contraction in embryonic zebrafish hearts is suppressed with the
injection of a morpholino targeting tnnt2a in the zygote. The my-
ocardium remained silent throughout embryogenesis and could be
imaged without cell movement using light sheet microscopy. Peri-
odic calcium transients could be recorded from Tg(myl7:Arch(D95N)-
GCaMP5G) zebrafish embryos using morpolino injection of zygotes
(Figure 15).
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Figure 14 3D intensity projections of silenced zebrafish hearts. Maximum intensity projec-
tions of z-stacks recorded in 1-4 dpf Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed) zebrafish. Cyan:
endocardium. Red: myocardium, blood cells. Scale bar: 20 µm.
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Figure 15 Calcium imaging in silenced zebrafish hearts. Optical sections of 2 dpf
Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) (left). Calcium transients recorded from
atrium (1), atrio-ventricular canal (2) and ventricle (3). Scale bar: 20 µm.
As cardiac contractions are suppressed, calcium transients are ex-
tracted from the same region in single optical planes over the en-
tire cardiac cycle. The transients are not distorted by contraction or
movement artifacts, as indicated by the readout from the second,
calcium-insensitive fluorescent reporter. Furthermore, the transients
feature clear, periodically appearing minimum and maximum intensi-
ties. Both, minimum and maximum, show a clear time offset between
atrium, atrio-ventricular canal and ventricle, indicating the transmis-
sion of the calcium signal from inflow to outflow region. Due to the
more densely packed cardiomyocytes in ventricle and especially atrio-
ventricular canal, more fluorescence per pixel is typically detected in
those regions. The current position of the conduction wave can there-
fore not be determined from individual movie frames.
The calcium transients reported by GCaMP5G in the silent heart
correlate well with contractions in the beating heart (Section A.2).
Transgenic zebrafish lines expressing different versions of GCaMP
differ in viability and signal dynamics, but were all suited for the
extraction of calcium transients (Section A.3).
Overall, in vivo image data recorded from silenced zebrafish hearts
contain clear, distortion-free calcium transients. A significant time off-
set between inflow and outflow regions indicates start and end-point
of cardiac conduction.
4.4 automated calcium transient analysis
I demonstrated that the combination of transgenic zebrafish embryos
expressing a fluorescent calcium reporter in their silenced heart and
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Figure 16 Cardiac conduction analysis. Optical section of 2 dpf Tg(myl7:Gal4FF,
UAS:GCaMP3) zebrafish. A: Segmentation of myocardium using a snake algorithm. B: Extrac-
tion of calcium peaks from all pixels along segmented myocardium over time. C: Mapping of
calcium peak position in image data. Scale bar: 20 µm.
fast light sheet microscopy is very well suited for in vivo optical
mapping of cardiac conduction. Individual conduction events are re-
ported reliably, reported calcium release fits well to cardiac contrac-
tions in similar regions of beating hearts, and a distinct time offset
between calcium sparks in atrium and ventricle reflects the propaga-
tion of cardiac conduction across the myocardium. Now, in order to
precisely track cardiac conduction across the myocardium, I devel-
oped a strategy to calculate the current position of the conduction
wave based on a peak analysis of calcium transients.
My approach for tracking calcium peaks in light sheet microscopy
image data consists of three major steps (Figure 16). First, I segment
the myocardium in the intensity projection of the image data using a
snake algorithm in Matlab (Section 10.4.2). Then, I extract the calcium
transients from every voxel in the segmented myocardium and store
them in a matrix. From there on, the raw image data is not required
anymore, and the amount of data is reduced by factor 50, from 900
MB to 20 MB. Afterwards, I detect the peak intensities using peakfit
in Matlab. Finally, I map the position of the detected peak intensi-
ties in the original image data and color-code them based on their
occurrence in time (Section 10.4.3).
The optical mapping analysis works automatically, the user is only
required to define the region of interest containing the heart, the
center-point of the initial ellipse for the snake algorithm and parame-
ters for post-processing steps.
The implemented snake algorithm works reliably and just requires
a single, connected structure. Thus, carefully positioning the heart
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during imaging is crucial for good results. The flexible specimen
orientation in the light sheet microscope is therefore beneficial for
this approach. The snake algorithm benefits from uniform intensities
across the myocardium, as provided by current transgenic calcium
reporters such as GCaMP5G, but also detects the location of the my-
ocardium with high precision in GCaMP3 and GCaMP datasets.
As stated above (Section 4.3.3), the current position of the con-
duction wave cannot be extracted from individual movie frames. I
solved this problem by extracting individual calcium transients for
every pixel along the segmented myocardium and analyzing each
transient independently. The area for extracting calcium transients
can be extended to surrounding pixels. The analysis of each transient
includes the detection of maximum and minimum intensity and their
respective appearance in time. Here, the position of the peak inten-
sity defines the position of the conduction wave on the myocardium.
Although this approach might be susceptible to changes in the shape
of calcium transients or to a time offset between reported and actual
calcium release, it proved to work reliably.
The peak extraction works reliably without the need to average
multiple cardiac cycles, which is an improvement over previous ap-
proaches [Hou et al. 2014]. With this approach at hand, rapid changes
in cardiac conduction over time are detectable and do not alter the
tracking result.
The resulting data show that the developed method reliably de-
tects calcium peaks across the myocardium and successfully tracks
the wave propagation along the cardiac wall. Start- and endpoint of
the cardiac conduction wave are detected close to inflow and outflow
tract, respectively. The wave of conduction has an average velocity
of 1.6 µm/ms in the atrium and 1.5 µm/ms in the ventricle. The sig-
nal propagation slows down to an average velocity of 0.4 µm/ms the
atrio-ventricular canal (Figure 17).
Figure 17 Cell size and conduction speed in the zebrafish myocardium. Optical sections of 2
dpf Tg(myl7:H2A-mCherry) (A) and Tg(myl7:Gal4FF, UAS:GCaMP3) zebrafish hearts (B). A: Av-
erage distances of nuclei in atrium, atrio-ventricular canal and ventricle. B: Average conduction
velocity in atrium, atrio-ventricular canal and ventricle. n=3 fish. Scale bar: 20 µm.
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Here, image data acquired with 56 Hz in the 2 dpf zebrafish heart
was sufficient to track cardiac conduction on a tissue level, but a pre-
cise localization on a cellular level was not possible. Considering the
measured average velocities of up to 1.6 µm/ms and average cell dis-
tances of up to 35.3 µm/ms, the tracking of cardiac conduction from
cell to cell requires an acquisition speed of at least 200 Hz.
Taken together, my newly developed optical mapping analysis suc-
cessfully tracks the conduction wave across the myocardium. The re-
sults confirm known conduction patterns. The temporal resolution
provided by the light sheet microscope is still not sufficient to track
cardiac conduction with cellular precision. A light sheet setup specif-
ically designed to meet the requirements of cardiac imaging and in
vivo optical mapping could significantly improve the results from this
analysis pipeline.
5
D E V E L O P M E N T O F A H I G H - S P E E D M I C R O S C O P E
F O R C A R D I A C I M A G I N G
5.1 setup of the custom-built light sheet microscope
Zebrafish cardiac conduction was successfully tracked across the my-
ocardium using in vivo light sheet microscopy, transgenic zebrafish
expressing a fluorescent calcium reporter and calcium peak analysis
(Chapter 4). A major limitation of this approach has been the insuffi-
cient temporal resolution of the available light sheet microscope. Cel-
lular resolution will be crucial for analyzing the influence of number,
size, volume and shape of individual cardiomyocytes on the pattern
of cardiac conduction. At an imaging rate of about 50 Hz, the propa-
gation of the calcium signal cannot be tracked with cellular resolution
(Section 4.4). I solved this problem by constructing a new light sheet
microscope that is designed from ground up to meet all the require-
ments of an ideal zebrafish cardiac imaging system (Figure 18).
This microscope is the result of a design process that took the re-
quirements of zebrafish cardiac imaging and the currently available
microscope hardware and knowledge into account. The requirements
for zebrafish cardiac imaging and the according technical implemen-
tations are summarized in Table 1. Dedicating the microscope to one
well defined set of tasks means that I could reduce the complexity
of hard- and software. For example, many well known features of
other light sheet microscopes were not required here. These include a
second detection arm [Weber and Huisken 2012], multi-view capabil-
ities [Swoger et al. 2007], super-resolution [Hu et al. 2014], modular
light sheets for structured illumination [Breuninger et al. 2007] or
exchangeable detection objectives [Huisken and Stainier 2007]. This
made the system less error-prone, more robust and easier to main-
tain.
The entire system was designed in a 3D-CAD software (Figure 19,
Section B.1). The microscope was built up from commercially avail-
able parts as well as parts designed by myself and produced by an in-
house mechanical workshop and an external company. The system is
installed on a common optical table to ensure access for optical align-
ment, and to enable future upgrades and modifications (Figure 18).
5.1.1 High-speed camera
The key advantage of the microscope when compared to previous
setups is its improved temporal resolution. With a field of view cover-
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requirement implementation
field of view that fits the embryonic ze-
brafish heart
250 µm field of view (20x detection objec-
tive, magnification changer)
ability to resolve individual, micrometer-
sized cells
high NA (1.0) detection objective, pixel
size of 0.5 µm
temporal resolution exceeding 200 Hz sCMOS camera, 400 Hz at 512 lines
fast and flexible optical sectioning, mini-
mal energy input
multi-directional selective plane illumi-
nation microscopy (mSPIM)
2 detection channels for calcium reporter
and control
dual image splitter
detection of weak fluorescence sCMOS camera, high NA objective, high
transmission hard-coated emission filters
maintenance of constant temperature,
ideally 28.5 ◦C
custom-built media chamber, media per-
fusion with external pumps and PID-
controlled heating unit
precise, reproducible specimen position-
ing: translation in xyz, rotation
motorized translation and rotation
consecutive imaging of several cardiac
cycles (0.3-4 Hz)
fast SSD RAID storage with RAM buffer-
ing for constant data streaming at full
speed
room for future upgrades and modifica-
tions
open beam path, installation on an opti-
cal table
Table 1 Key requirements and implementations for the cardiac imaging system.
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Figure 18 Custom-built light sheet microscope. A: Computer model in a 3D-CAD software.
B: Final system installed on an optical table. C: Intersection of illumination and detection
path with sample chamber and rotational motor. D: 3D-printed sample chamber with E3 fish
medium and 488 nm light sheet.
ing the embryonic zebrafish heart and a spatial resolution sufficient
to resolve individual heart cells, the microscope delivers 400 frames
per second. This equals at least 100 frames per cardiac cycle during
zebrafish embryogenesis. The major component required to achieve
this speed is the camera. While previous microscope setups where
limited by the readout time of commonly used (EM)CCD chips, the
new systems uses recent sCMOS technology. An sCMOS camera can
be used to increase the field of view thanks to its bigger sensor, while
increasing the acquisition speed to typically 100 frames per second
at full resolution. When cropped to fewer lines, potential acquisition
speeds are multiplied. Previous results demonstrated that a pixel size
of 0.5 µm is enough to resolve individual cells in the zebrafish heart
(Section 4.4). By adopting the magnification, I could achieve a similar
pixel size, while only filling about 500 of the available 2000 lines on
the camera chip. Reducing the number of recorded lines by factor 4
increases the acquisition speed by factor 4, resulting in a frame rate
of 400 Hz. Higher acquisition speeds of 800, 1600 and 3200 Hz are
achievable by reducing the number of lines further to 256, 128 and 64,
respectively.
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Figure 19 3D model of the cardiac imaging system. The appendix provides a detailed
overview (Section B.1).
Implementing a high-speed camera into a light sheet microscope
entails further requirements. The three major ones are instantaneous
light sheets for good illumination uniformity, a detection arm with
very light-efficient optical components to ensure a good signal-to-
background ratio despite short exposure times, and fast storage for
streaming large amounts of image data in a short time.
5.1.2 Multi-directional selective plane illumination
Multi-directional selective plane illumination microscopy (mSPIM) is
implemented to achieve instantaneous light sheets. In contrast to dig-
ital scanned light sheet microscopy (DSLM), where a laser beam is
scanned over the focal plane of the detection lens, mSPIM facilitates a
cylindrical lens to generate the light sheet. This ensures that the entire
field of view is illuminated, no matter how short the exposure time
of the camera gets. It has also been shown that a static light sheet
generated from a single-photon laser offers the best combination of
signal-to-background, contrast and optical sectioning capabilities for
in vivo imaging [Olarte et al. 2012].
The new cardiac imaging system features two independent illumi-
nation arms, thus ensuring that the best illumination can be selected
for every combination of developmental stage and specimen mount-
ing strategy. The illumination arms share two lasers, one emitting
488 nm, the other 561 nm. The 488 nm laser is ideal for exciting flu-
orescence of eGFP and GCaMP, whereas the 561 nm laser is used to
excite dsRed and mCherry (Table 2). The illumination was designed
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to generate light sheets with a thickness between 4 µm (in the center
of the field of view) and 6 µm (at the left and right border of the field
of view) in axial direction (Figure 48). Those values are measured
by reflection from a glass mirror; the effective thickness of the light
sheets inside the zebrafish heart might be increased due to scattering.
Both illumination arms incorporate scanning mirrors to pivot the
light sheets and reduce stripes caused by refraction, scattering and
absorption (Section B.1). This feature proved to be useful for various
applications [Huisken and Stainier 2007] and also reduces stripe ar-
tifacts in the cardiac imaging system (Section B.2). Unfortunately, it
shows that scanning frequency of about 1 kHz is not enough to main-
tain a constant illumination, especially with acquisition speeds ex-
ceeding 400 Hz. This results in intensity differences between adjacent
images of acquired movies (Section B.3). For the cardiac conduction
analysis, a stable intensity readout over time important, whereas ho-
mogeneous intensities across the field of view are not (Section 4.4).
Therefore, the use of the pivoting mirror is typically restricted to
imaging experiments that focus on image quality and use acquisition
speeds below 400 Hz.
Overall, mSPIM ensures instantaneous and flexible light sheet illu-
mination, and provides the ideal basis for high-speed cardiac imaging.
Due to the sensitivity of the zebrafish’s heart rate to the illumination
power (Section A.4), the detection arm has to be very light efficient to
record image data with a high signal-to-background ratio.
5.1.3 Light-efficient detection arm
Illuminating a zebrafish heart with thin light sheets provides a good
basis for high-speed cardiac imaging. Here, I optimized the detection
arm of the microscope for best light efficiency. Light sheet illumina-
tion does not require any complementing optical components on the
detection side. The minimal required parts are a detection objective,
an emission filter, a tube lens and a camera. The camera, as men-
tioned before, is based on sCMOS technology. In contrast to other
high-speed cameras which use CCD technology, the sCMOS camera
selected for this microscope records image data with high signal-to-
background ratio due to a high quantum efficiency of over 70% 1. I
decided to use a 20x water-dipping detection objective with a high nu-
merical aperture of 1.0. Not only is the theoretical lateral resolution
increased from 500 to 250 nm (R = λ2∗NA , λ = 500 nm) when com-
pared to the previously used 20x/0.5 objective, also the amount of
light entering the objective is increased by factor 4. I added a magnifi-
cation changer which magnifies the image by factor 0.63 to fit images
of the heart on less than 512 lines of the camera chip and achieve
an acquisition speed of 400 Hz. For cardiac imaging requiring higher
1 Hamamatsu Photonics | www.hamamatsu.com (10/14/2014)
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resolution, the magnification changer is removed, or exchanged by a
1.6x model.
All emission filters in use are of high transmission for best effi-
ciency, and feature a hard anti-reflection coating to ensure longevity.
Imaging of cardiac conduction often requires the simultaneous detec-
tion of fluorescent signals with two distinct wavelengths. One channel
is used to detect the calcium-dependent signal, the second channel is
required for an independent control signal, such as a nuclei or cy-
toplasm reporter. I implemented an image splitter to capture both
channels on one camera, as the camera chip is wide enough for at
least two channels at the required spatial resolution. The acquisition
speed remains constant with the same number of lines, with just the
data rate increasing. This solution is therefore more practical than
implementing two separate cameras.
Taken together, the detection is optimized for light efficiency in
order to obtain image data with a high signal-to-background ratio.
With the optical side being fast and efficient, limitations could still
arise from slow storage.
5.1.4 Image data handling
Exceeding the speed of current light microscope setups also makes
great demands on the image data handling (Chapter 2). The cam-
era in use has a data rate of 850 MB/s at full speed and resolution.
Cardiac imaging on this microscope with two channels acquired at
a frame rate of 400 Hz results in data rates of about 600 MB/s. This
data rate exceeds the write speed of normal computer drives. With
typical recording periods of 1-10 s, dual-color cardiac movies require
between 600 MB and 6 GB of storage. In order to reliably store a con-
stant stream of image data over the course of an experiment, I imple-
mented an array of 4 parallel solid state drives. Recorded images are
then quickly transferred to an array of hard drives or to network at-
tached storage. The acquisition software is custom-made in LabView
and uses an optimized storage format for fast file transfer (Figure 20).
Overall, computer hardware and software are a crucial part of high-
speed cardiac imaging. Here, the modification of the acquisition com-
puter and a customized acquisition software circumvent potential lim-
its to the usage of the microscope. Image data is stored on the com-
puter without delay.
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Figure 20 Handling of cardiac image data. A subregion of the camera chip is read out and gets
streamed onto an array of solid state drives (SSD). For further storage and or processing, image
data is transfered to an internal hard disc drive (HDD) storage, to an external workstation or
to a centralized computer cluster.
5.2 adjustments for imaging under physiological con-
ditions
5.2.1 Temperature control
In vivo optical mapping requires the imaging conditions to be as
physiological as possible. Therefore, I developed a perfusion system
for controlling the temperature of the fish medium in the sample
chamber. Two peristaltic pumps constantly exchange the medium
in the chamber. A diode located close to the specimen reports the
temperature of the medium to a control loop feedback mechanism
(proportional-integral-derivative (PID) controller). This controller ad-
justs a heat-exchanging device (Peltier element) located before the
medium inflow to the imaging chamber. This system maintains the
temperature of the fish medium inside the imaging chamber on a
constant, adjustable level.
5.2.2 New sample mounting strategies
Typically, specimen for light sheet microscopy are mounted in 1.5%
low melting point agarose inside glass capillaries. For imaging, the
solidified agarose cylinder with the specimen is then pushed out of
the capillary. Agarose has a refractive index close to that of water,
and is therefore an ideal embedding medium for zebrafish embryos
and the microscope setup, which is optimized for the refractive in-
dex of water. One disadvantage of solid 1.5% agarose as a mounting
medium is that it prevents growth of embryos that increase in size
during development [Kaufmann et al. 2012]. My optical mapping ex-
periments, however, take less than two hours, a time-frame for which
1.5% agarose proved to be suitable.
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Another disadvantage of 1.5% agarose is more serious for my ap-
plication: the extruded agarose cylinder is susceptible for oscillations
caused by the perfusion system. Furthermore, the fragile glass capil-
lary is not ideal for handling and quickly exchanging multiple sam-
ples during experiments.
I solved both issues with the use of polymer tubes (Fluorinated
Ethylene Propylene, FEP) as additional support for the agarose cylin-
der. Because the refractive index of the polymer is close to that of
water, the zebrafish embryo is now directly mounted and imaged in-
side the FEP tube. As a result, the increased stability of the mounted
specimen makes it insusceptible to perfusion-induced oscillations. In
addition, this new mounting method allows to increase the exper-
imental throughput, as less time is required for sample preparation,
the mounted embryos are more robust during short-term storage and
handling, and the agarose cylinder does not need to be extruded from
its casing before imaging. Thorough bead measurements also proved
that FEP only has a negligible impact on optical quality (Figure 21).
Figure 21 Sample mounting for in vivo cardiac optical mapping. A: Comparison of zebrafish
embryos mounted in FEP tube and glass capillary. B: 1 dpf zebrafish mounted in FEP tube. C:
Mounted specimen held by the sample holder inside the imaging chamber with illumination
objectives, light sheet and detection objective. D: Coordinate system for PSF measurements, E:
Full width at half maximum (FWHM) of beads measured in agarose only, agarose in FEP tube,
and agarose in glass capillary. Scale bar: 1 mm.
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The sample mounting in FEP tubes is also ideal for long-term imag-
ing of zebrafish development [Kaufmann et al. 2012, Weber et al.
2014a]. FEP-based mounting strategies for future time-lapse record-
ings of the developing cardiac conduction system were tested and
ready to use. Those include mounting in 0.1% agarose and 3% methyl
cellulose (Section B.4).
Overall, in vivo optical mapping is now performed under physio-
logical conditions, thanks to the combination of the perfusion system
and the new sample mounting strategy.
5.3 high-speed tracking of cardiac conduction with cel-
lular resolution
With the new microscope setup, adapted computer hard- and soft-
ware, as well as optimized incubation and specimen mounting, I
could now image cardiac conduction under physiological conditions
at a much higher acquisition speed. While the frame rate of previ-
ous setups was limited to 50-70 Hz, I now acquired movies at 400 Hz,
with similar spatial resolution, field of view and illumination time. I
tested the setup by imaging calcium transients with increasing frame
rate in the heart of a 2 dpf zebrafish expressing GCaMP5G in its my-
ocardium, and tracking cardiac conduction using my calcium peak
analysis (Figure 22, Section 4.4).
The data show that the new microscope setup is capable of re-
solving individual calcium transients from the GCaMP5G calcium
reporter at each of the tested acquisition speeds. However, imaging
rates below 200 Hz are not sufficient to track cardiac conduction from
cell to cell. At 200 Hz, the tracking still misses out cells in the ventri-
cle. From 400 Hz onwards, tracking results are very good and cover
every cell in the selected optical section. The acquisition speed can
be increased to 3200 Hz and beyond, but not without sacrificing il-
lumination time and field of view or spatial resolution. At the very
high imaging rate of 3200 Hz, the signal-to-background ratio of the
calcium transients is severely reduced, with the noise becoming more
and more dominant and the tracking precision starting to drop. The
signal quality and spatio-temporal resolution at 400 Hz is sufficient
to track cardiac conduction from cell to cell. For imaging cardiac con-
duction at higher acquisition rates, the camera chip needs to have a
higher quantum efficiency and the calcium reporter needs to have an
increased signal-to-background ratio.
Taken together, these experiments demonstrate the improvement
in image data quality delivered by the new cardiac imaging system
when compared to the previous setup. Cardiac conduction is now
tracked from cell to cell inside the living zebrafish embryo. Ideally, a
powerful in vivo optical mapping strategy reveals the entire 4D pat-
tern of cardiac conduction for the analysis of cellular interactions in
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Figure 22 High-speed calcium imaging in the zebrafish heart. Optical sections of silenced 2
dpf Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish hearts. Datasets recorded at
50-3200 Hz. Corresponding calcium transients extracted from a region close to the inflow tract.
Dots indicate values recorded at 50 Hz. Scale bar: 50 50 µm.
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the entire myocardial network. But until now, there has been no so-
lution to image cardiac conduction in the living zebrafish heart in
3D.

6
4 D PAT T E R N O F C A R D I A C C O N D U C T I O N
In the course of Chapter 5, I demonstrated in vivo optical mapping
of zebrafish cardiac conduction using a custom-built light sheet mi-
croscope and a dedicated analysis pipeline. Calcium peaks are now
tracked across the myocardium with cellular resolution. Until now,
results could only be obtained from individual optical sections. Here,
I present the first solution that reveals the 4D pattern of vertebrate
cardiac conduction.
6.1 calcium imaging in the beating heart
In vivo optical mapping worked well in individual optical sections
of the silent zebrafish heart (Chapter 4). The main reason for using
silenced hearts is the cardiomyocyte’s movement in 3D space caused
by cardiac contractions. This movement causes the cells to move in
and out of the focal plane and rendered intensity tracking over time
impossible (Section 4.3.1).
6.1.1 Post-acquisition synchronization
In order to reveal the 4D pattern of cardiac conduction, the entire
heart has to be imaged. But recording a z-stack of a beating heart will
always result in a time offset between the individual optical sections,
and a much faster camera would be required to make this offset neg-
ligible. Here, I decided to apply post-acquisition synchronization to
a z-stack of movies, a method that facilitates the unique periodicity
of the heartbeat [Liebling et al. 2005b] and that was implemented for
light sheet microscopy in our lab [Mickoleit et al. 2014]. This method
works especially well if the image data are recorded at high speed,
and is therefore an ideal complement for the custom-built cardiac
imaging microscope .
I successfully tested the performance of post-acquisition synchro-
nization by recording and synchronizing 4D image data from beating
zebrafish hearts throughout embryogenesis (Figure 23, Section C.1).
The results show that the beating heart is very well visualized
in 4D throughout embryogenesis using post-acquisition synchroniza-
tion. The synchronization tool reliably extracted correlating heart-
beats from each of the recorded movies. Thanks to the high acqui-
sition speed of the cardiac microscope, a coverage of three to four
heartbeats per plane was typically enough to synchronize the entire
heart in 3D. The synchronization based on Pearson’s correlation coef-
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Figure 23 3 dpf beating zebrafish heart and surrounding vasculature. 3D-projections of
Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed) zebrafish hearts. B: Atrial diastole. C: Atrial systole.
IFT: inflow tract, A: atrium, AVC: atrio-ventricular canal, V: ventricle, OFT: outflow tract. Post-
acquisition synchronization based on endocardium image data. Subset of a 200 Hz dataset. Grid
spacing: 50 µm. 2 movies are available in Appendix E.
ficient was even applicable to a field of view that extends beyond the
beating heart itself to the surrounding vasculature. The morphology
of myocardium and endocardium is rendered correctly throughout
the entire cardiac cycle. The 3D representation of blood cells is not
correct, as their position within the heart and the adjacent vasculature
is random. Thus, the visualization of the blood flow is just the result
of a maximum intensity projection of parts of blood cells from each
of the recorded planes, and cannot be used for tracking or counting
cells. The 3D representations have great potential to study the in vivo
morphology and dynamics of the beating heart, and for this purpose
they demonstrate a substantial progress when compared to individ-
ual optical sections.
Taken together, the presented results proof that high-speed light
sheet microscopy and post-acquisition synchronization are ideal to
study the 3D morphology and dynamics of the beating embryonic
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zebrafish heart. The next step was to investigate the applicability of
post-acquisition synchronization to hearts of zebrafish expressing a
calcium reporter.
6.1.2 Synchronization of zebrafish hearts expressing a fluorescent calcium
reporter
The 3D morphology and dynamics of the beating zebrafish heart are
ideally visualized using high-speed light sheet microscopy and post-
acquisition synchronization (Section 6.1.1). Now, I applied this ap-
proach to zebrafish embryos expressing the calcium reporter GCaMP5G
in their myocardium. In order to detect individual cardiomyocytes, I
imaged a nuclear reporter in parallel. A subset of a typical synchro-
nized dataset is shown in Figure 24.
2 dpf zebrafish hearts are well synchronized using the GCaMP5G
channel. The embryo could be ideally positioned such that the heart
is imaged from the side, with atrium and ventricle in the field of view
at the same time. The calcium reporter shows clear changes in fluo-
rescence intensity as a function of time in the cardiac cycle. During
systole, fluorescence intensity is increased, whereas it is decreased
during diastole. At this point, it is not clear if the change in inten-
sity is a result of a change in volume caused by cardiac contraction
and relaxation, or if it is a result of changes in the calcium concentra-
tion. Individual cardiomyocytes are clearly located using the nuclear
reporter and could potentially be tracked in 3D. This is not possi-
ble in individual optical sections, and it could open the possibility to
track the intensity of the calcium reporter and reveal the cause of the
changes in intensity.
Overall, the combination of high-speed light sheet microscopy and
post-acquisition synchronization is well applicable to hearts of em-
bryonic zebrafish expressing a calcium reporter in their myocardium.
Changes in fluorescence intensity are visible in the calcium reporter
channel, and the nuclear marker can potentially be used to further
investigate those dynamics.
6.1.3 3D-tracking of cardiomyocytes in the beating zebrafish heart
One of the challenges for in vivo optical mapping of the beating heart
is to extract fluorescence intensities from cardiomyocytes moving in
3D. First, the moving cells have to be tracked over time. This is not
possible in individual optical sections, because myocardial cells move
not only in lateral, but also in axial direction (Section 4.3.1). Now, the
entire heart is imaged with cellular resolution using post-acquisition
synchronization (Section 6.1.4). Here, I tracked cardiomyocytes that
express H2A-mCherry, a nuclear marker (Figure 25).
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Figure 24 Beating zebrafish heart expressing GCaMP5G and H2A-mCherry. 3D-projections
of 2 dpf Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish hearts. A: GCaMP5G. B:
Myocardial nuclei. Post-acquisition synchronization using the GCaMP5G channel. Subset of a
200 Hz dataset. Grid spacing: 50 µm.
Figure 25 3D cell tracking in a beating zebrafish heart. 3D-projections of 2 dpf
Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish hearts. Post-acquisition synchro-
nization, tracking based on segmentation of H2A-mCherry channel. A: Raw data. B: Segmented
cardiomyocytes with dragon tails. C: Overlay of segmented cells, tracks and GCaMP5G channel.
Grid spacing: 20 µm. 1 movie is available in Appendix E.
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The nuclear marker highlights the position of individual myocar-
dial cells much better than a cytoplasmic reporter (Figure 24). Conse-
quently, I could segment cells in 3D (Section 10.4.4). The success rate
of the algorithm strongly depended on contrast and spatial resolu-
tion of the provided image data. Cells facing the detection objective
were typically well segmented, whereas cells facing the interior of the
fish and those in densely packed regions such as the atrio-ventricular
canal were often missed.
After segmenting the myocardial cells, I tracked their position in
space throughout the cardiac cycle using an autoregressive motion
algorithm (Section 10.4.4). The high spatial resolution of the image
data is an important factor for successful, gap-less tracking, as parts
of the cells move very quickly during atrial and ventricular systole
(highlighted as "dragon tails" in Figure 25). Previous tests with image
data recorded at 50 Hz yielded much less complete tracks.
Overall, individual cardiomyocytes expressing a nuclear marker
were successfully segmented and tracked from 4D image data ac-
quired with high-speed light sheet microscopy and correlated using
post-acquisition synchronization. This provides a good basis for the
extraction of fluorescence calcium reporter intensities from the beat-
ing zebrafish heart (Section 6.1.4). The detection of cells from deeper
or more densely packed regions of the heart remains a challenge and
might require modified segmentation algorithms, higher spatial sam-
pling of the image data or a modified light sheet illumination and
detection.
6.1.4 Impact of cardiac contractions on calcium transient measurements
Previously, I imaged the beating zebrafish heart in 4D with high
spatial and temporal resolution (Section 6.1.1). Individual cardiomy-
ocytes expressing a nuclear marker could be segmented and tracked
in 3D (Section 6.1.3). Now, I used the volume information from the nu-
clei segmentation to extract mean fluorescence intensities from the re-
spective volume in the calcium reporter channel over time (Figure 26).
I extracted fluorescence intensity profiles from myocardial cells lo-
cated all over the beating zebrafish heart. They reveal distinct inten-
sity peaks that appear at different time points in the cardiac cycle.
Those points in time typically correlate with the distance of the cell
to the inflow tract - peaks appear first in atrial cells, then in cells of
the atrio-ventricular canal, and last in ventricular cells. This observa-
tion is in line with the results from the calcium tracking in individual
optical sections of silenced hearts (Section 4.4).
The appearance of an intensity peak in the calcium reporter chan-
nel also coincides with the systole in the respective region, giving
further evidence that it represents an increase in cytoplasmic calcium
concentration. The respective fluorescence intensity of the nuclear
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Figure 26 Calcium transients in a beating zebrafish heart. 3D-projections of 2 dpf
Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish. Calcium transients (black
graphs) extracted from individual cardiomyocytes, sorted according to appearance of intensity
peak. Calcium peaks appear first close to inflow tract and propagate over atrium and atrio-
ventricular canal into ventricle and towards outflow tract. Changes in calcium-independent
H2A-mCherry intensity (grey graph) demonstrate distorting effect of cardiac contraction. Grid
spacing: 20 µm.
marker also changes over time, with an intensity peak that is often
close to the one in the calcium reporter channel. As the overall gradi-
ents of both channels show major differences, it is not likely that this
was caused by a bleed-through of fluorescence intensity from the cal-
cium reporter into the channel of the nuclear marker. The extracted
fluorescence intensity was potentially altered by cell contraction and
relaxation. Thus, calcium transients extracted from cardiomyoctes of
beating zebrafish hearts are potentially distorted.
Overall, the extraction of fluorescence intensity transients from the
beating zebrafish heart revealed calcium transients with distinct in-
tensity peaks. In order to analyze cardiac conduction in beating ze-
brafish hearts, further experiments are required to develop strategies
for the compensation of calcium transient distortions caused by cell
contraction. In order to extract non-distorted calcium transients and
reveal the global pattern of cardiac conduction in the embryonic heart,
I extended my analysis of silenced hearts towards 3D.
6.2 calcium imaging in the silenced zebrafish heart
In the previous section, I analyzed cardiac conduction in 4D image
data of beating zebrafish hearts (Section 6.1.4). Although the results
have been promising, a strategy to compensate cell contraction arti-
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facts remains to be developed. Here, I tested an alternative strategy
to reveal the global pattern of cardiac conduction by adapting my 2D
analysis of the silenced heart to 3D image data.
6.2.1 Synchronization of silenced zebrafish hearts expressing a fluorescent
calcium reporter
Similar to the 3D analysis of the beating heart (Section 6.1.4), a 3D
analysis of the silenced heart requires all optical sections to be syn-
chronized over time. I acquired z-stacks of movies covering several
cardiac cycles of entire silenced hearts expressing a fluorescent cal-
cium reporter. I synchronized adjacent planes using post-acquisition
synchronization (Section 10.4.1) (Figure 27).
The results show a 3D myocardium with a periodic change in fluo-
rescence intensity. An intensity increase in the atrium coincides with
a decrease in the ventricle, and vice versa, indicating that the inten-
sity changes are synchronized across planes. By analyzing orthogonal
projections, I confirmed that the calcium-dependent periodic changes
in fluorescence intensity are indeed sufficient to correlate an entire
silenced zebrafish heart using post-acquisition synchronization (Sec-
tion C.2). The orthogonal projections highlight the big potential of
synchronized in vivo 4D image data for the visualization and analysis
of cardiac conduction. It becomes clear that the wave of conduction
cannot be tracked through the myocardium without 3D information.
The orthogonal projections show a uniform intensity change along
x, y and z, indicating a good synchronization. The changes in inten-
sity from frame to frame are much less prominent - and consequently,
Pearson’s correlation will vary less over time compared to image data
recorded from beating hearts. Nevertheless, the synchronization of si-
lenced hearts works well. The orientation of the zebrafish embryo
relative to the detection objective was even more critical than in beat-
ing hearts. Both, atrium and ventricle, had to be visible in the field
of view for the majority of the z-stack, displaying as many regions
of different intensity changes as possible. To achieve this, flexible and
precise specimen orientation provided by translation and rotation mo-
tors were an indispensable feature.
Taken together, these data show that post-acquisition synchroniza-
tion works very well for z-stacks of movies of silenced hearts express-
ing a fluorescent calcium reporter in the myocardium. The resulting
4D image data appear to be a good basis for the analysis of calcium
transients. Thus, I applied the 3D cell segmentation and intensity
tracking that I already used with synchronized image data from beat-
ing hearts (Section 6.1.4).
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Figure 27 Conduction waves in a silenced zebrafish heart. 3D-projections of a silenced 2 dpf
Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish. Post-acquisition synchronization
based on GCaMP5G channel. Grid spacing: 20 µm. 1 movie is available in Appendix E.
Figure 28 Calcium transients in a silenced zebrafish heart. 3D-projections of a silenced 2 dpf
Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish heart. Post-acquisition synchro-
nization, 3D cell segmentation based on H2A-mCherry channel. Black: GCaMP5G intensity.
Gray: H2A-mCherry intensity. Grid spacing: 20 µm.
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6.2.2 Distortion-free optical mapping in silenced hearts
The analysis of calcium transients extracted from individual optical
sections of silenced hearts revealed evidence for differences in the cal-
cium release between atrium and ventricle (Section 4.3.3). By extract-
ing the peak of calcium release along the myocardium, I found that
the conduction wave propagates from inflow to outflow tract (Sec-
tion 4.4). Although calcium transients extracted from synchronized
4D image data of the beating heart tend to be distorted by cell contrac-
tion, they do confirm these findings (Section 6.1.4). Here, I segmented
individual cardiomyocytes in synchronized 4D image data of the si-
lenced heart and extracted calcium transients over time (Figure 28).
The data confirm the distinct shapes of calcium transients in atrium
and ventricle. In addition, the peak of calcium release propagates
from inflow to outflow tract. This is in line with previous results from
silenced (Section 4.4) and beating hearts (Section 6.1.4). Since cardiac
contraction is absent, the intensity gradients are not distorted, which
is also indicated by the constant calcium-independent fluorescence
intensity extracted from the nuclear reporter (Figure 26).
Taken together, the extraction of individual calcium transients from
synchronized 4D image data of silenced hearts confirmed my previ-
ous findings. Now, I could potentially extract non-distorted calcium
transients from the entire myocardium, and reveal the global pattern
of cardiac conduction.
6.2.3 Segmentation of the zebrafish myocardium
The extraction of individual calcium transients from synchronized
4D image data of silenced hearts indicated a potential to reveal the
global pattern of cardiac conduction. In order to apply my calcium
peak analysis (Section 4.4) to 4D image data, I first had to detect
the 3D shape of the myocardium. I extended the snake algorithm to
automatically detect the myocardium in all planes of the z-stack. The
algorithm starts with an initial segmentation of a central plane, and
then adapts this shape to adjacent planes (Figure 29).
The results show that the adapted snake algorithm performs very
well for 3D image data of the zebrafish myocardium. The cardiac wall
is automatically detected in every plane of the z-stack. An essential
step is to initiate the snake detection in an optical section which cuts
through atrium, atrio-ventricular canal and ventricle at once. The re-
sulting ring-like structure is the easiest one to be detected by the
snake algorithm. In every adjacent plane, the previous snake is al-
tered to fit the changing shape of the myocardium. It is important
to note that the snake remains a single, connected line, even in the
planes where atrium and ventricle are separate structures. I decided
not to split the snake at this point, as the extracted calcium transients
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Figure 29 Automated 3D myocardium segmentation. A: Optical sections of a silenced 2 dpf
Tg(myl7:Gal4FF, UAS:GCaMP3) zebrafish heart. Post-acquisition synchronization. Subset of a z-
stack with initial plane highlighted (*). B: 3D plot of the detected myocardium. Grid spacing:
20 µm.
provide a much easier way of excluding non-myocardial pixels (Sec-
tion 6.2.4).
The adaptive snake segmentation could also be applied to optical
sections of the beating heart, which opens up the possibility to seg-
ment the myocardium of the beating zebrafish heart. However, this
2D approach cannot be applied for the analysis of cardiac conduc-
tion in 4D image data of the beating heart, because of its inability to
cope with the 3D movement and contraction of the myocardial cells.
3D cell segmentation and tracking are therefore prerequisites for the
cardiac conduction analysis of the beating heart.
Overall, the adaptive snake algorithm reliably detects the entire
myocardium in 3D image data of silenced zebrafish hearts express-
ing a myocardial calcium reporter. This provides an essential tool to
automatically analyze cardiac conduction in synchronized 4D image
data.
6.2.4 Automated 3D calcium transient analysis
Until now, I successfully imaged, synchronized (Section 6.2.1) and
segmented (Section 6.2.3) the 3D structure of the myocardium of si-
lenced zebrafish hearts. Here, I applied my 2D cardiac conduction
analysis to the synchronized 4D image data. The positions in time of
minimum and maximum intensities were extracted from the recorded
calcium transient in every segmented voxel and plotted at the corre-
sponding position on the 3D myocardium (Section C.3).
The data show, for the first time, the complete 4D pattern of car-
diac conduction. A ring-like wave front propagates from the inflow
tract across the myocardium and the atrio-ventricular canal, and con-
tinues to spread over the ventricle towards the outflow tract. Previous
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Figure 30 4D conduction pathway of the zebrafish heart. Silenced 2 dpf Tg(myl7:Gal4FF,
UAS:GCaMP3) zebrafish heart. Post-acquisition synchronization, adaptive snake segmentation,
calcium peak analysis, automated omission of non-myocardial voxels. Color-coded 3D plot of
calcium peak positions. Light blue: Minimum calcium concentration. Black: Peak calcium con-
centration. Grid spacing: 50 µm. 1 movie is available in Appendix E.
findings, such as the slowdown at the atrio-ventricular canal, are con-
firmed and could now be analyzed in much greater detail. An excit-
ing effect is that the distance between the positions of minimum and
maximum calcium concentration increases during the cardiac cycle.
Furthermore, the appearance of the first minimum close to the inflow
tract overlaps with the appearance of the last maximum close to the
outflow tract. It remains to be seen if this is an artifact caused by the
fluorescent calcium reporter, or if cardiac cycles indeed overlap.
An obtrusive artifact of the snake segmentation are the remaining
lines that connect atrium and ventricle. In order to remove them, I
implemented a filter which removes pixels when the dynamic of the
calcium transient drops below a user-definable value. Furthermore,
I color-coded the segmented myocardium based on the appearance
of a calcium peak in time. The results of both implementations are
shown in Figure 30.
The improved 4D visualization of the wave of conduction shows
that the removal of non-cardiac voxels works well. Lines between
atrium and ventricle disappear without effecting the myocardium.
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The color-coding provides a preview of the wave pattern without the
immediate need to analyze multiple points in time. This is especially
helpful when comparing hearts of different developmental stage, or
hearts which where imaged under different conditions.
The consistent 3D wave pattern confirms that the post-acquisition
synchronization algorithm works reliably, given that the image data
were recorded with the right specimen orientation (Section 6.2.1).
Non-consistent wave patterns appeared when the image data were
recorded along the propagation direction of the conduction wave (Sec-
tion C.4).
Overall, my workflow revealed the 4D pattern of cardiac conduc-
tion for the first time. The quality of image data provided by the
custom-built cardiac light sheet microscope is very well suited for the
analysis of cardiac conduction. The myocardium of the imaged hearts
was automatically segmented, and calcium transients were automati-
cally analyzed to track the wave of conduction in 3D. This technique
enables us to analyze cardiac conduction patterns of embryonic ze-
brafish hearts with cellular precision. It can potentially reveal small
differences in cardiac conduction, e.g. between wild-type and phar-
macologically treated hearts, or between hearts of different develop-
mental stages.
6.3 chamber-specific calcium transients
So far I have seen the first 4D pattern of cardiac conduction using a
combination of high-speed in vivo cardiac imaging, post-acquisition
synchronization, 3D segmentation and automated calcium peak anal-
ysis (Section 6.2.4). I now used the complete set of calcium transients
available for every position in the myocardium to analyze changes
of calcium release in different areas of the heart during one cardiac
cycle. I further analyzed those changes using simultaneous calcium
and voltage imaging in individual optical sections of the heart.
6.3.1 Quantification of calcium transients in the zebrafish heart
In order to visualize changes in the shape of calcium transients across
the heart of a 2 dpf zebrafish embryo, I extracted the mean calcium
transients from six conduction wave positions that are separated by
50 ms (Figure 31).
The data reveal at least three different classes of calcium transients
that appear in atrium, atrio-ventricular canal and ventricle, respec-
tively. The main difference between those classes is the time offset
between the initial increase in fluorescence and the peak intensity.
In the atrium, this offset is between 80 ms and 100 ms. In the atrio-
ventricular canal, the offset increases to 120 ms. In the ventricle, the
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Figure 31 Chamber-specific calcium transients in the zebrafish heart. Silenced 2 dpf
Tg(myl7:Gal4FF, UAS:GCaMP3) zebrafish heart. Post-acquisition synchronization, adaptive
snake segmentation, calcium peak analysis, automated omission of non-myocardial voxels. A:
4D pattern of cardiac conduction. Color-coded 3D plot of calcium peak positions. 6 conduction
wave positions in steps of 50 ms highlighted (black rings). B: Mean calcium transients extracted
from highlighted wave positions. Grid spacing: 50 µm.
offset is greater than 150 ms. It is important to note that the time be-
tween two adjacent upstrokes does not increase.
Taken together, the 4D cardiac conduction data revealed different
classes of calcium transients in specific areas of the myocardium. The
next step was a comparison between shapes of calcium and voltage
transients (Section 6.3.2).
6.3.2 Simultaneous optical mapping of calcium and voltage in the zebrafish
heart
Myocardial cells show varying calcium transients depending on their
position in the heart (Section 6.3.1). Here, I extended my optical map-
ping approach with the simultaneous imaging of a calcium and volt-
age reporter. I already monitored calcium transients in vivo using
high-speed cardiac imaging of fluorescent reporters (Section 5.3).
Whereas the fluorescent calcium reporter GCaMP5G provides a
good signal-to-background ratio (Section A.3), I found the signal-to-
background ratio of the fluorescent signal emitted by the voltage re-
porter Arch(D95N) to be about 500x lower. This is in line with previ-
ous reports and represents a major challenge for any microscopy tech-
nique [Kralj et al. 2011]. However, when testing different fluorescent
reporters, Arch(D95N) still performed best. I could obtain a ratio of
about 5 gray levels by increasing the laser power significantly above
the harmless level (Section A.4) and lowering the acquisition speed
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Figure 32 Simultaneous voltage and calcium imaging in the zebrafish heart. Optical sections
of a silenced 2 dpf Tg(myl7:Arch(D95N)-GCaMP5G) zebrafish heart. A: Images and transients
from atrial myocardium, B: Images and transients from ventricular myocardium. Solid line:
voltage, dotted line: calcium. Average upstroke length of voltage (v) and calcium (c). Transients
corrected for slight bleaching. Scale bar: 20 µm.
to 200 Hz. Although the increased laser power has an impact on the
bleaching rate as well as on the heart rate, I could record multiple
calcium and voltage transients in atrium and ventricle (Figure 32).
The results confirm the difference in calcium transients between
atrial and ventricular cardiomyocytes (Section 6.3.1). Interestingly, also
the voltage transients differ between atrium and ventricle. Here, it
would be interesting to quantify the overall fluorescent intensities as
well as time offsets between voltage and calcium transients, minimum
and maximum intensities, and atrium and ventricle. Unfortunately, a
quantification of the data would have the risk of being severely al-
tered by the high energy input, varying expression levels of the fluo-
rescent reporter and different levels of light scattering in atrium and
ventricle.
As a next step, I incorporated optical manipulation into the high-
speed cardiac microscope to extend the analysis of calcium transients
and cardiac conduction in general beyond imaging alone (Chapter 7).
7
O P T I C A L M A N I P U L AT I O N O F Z E B R A F I S H
C A R D I A C C O N D U C T I O N
7.1 microscope adjustments for optical manipulation
Until now, I have established in vivo optical mapping in living ze-
brafish embryos (Chapter 4), designed and built a custom light sheet
microscope for high-speed in vivo cardiac imaging (Chapter 5) and
tracked cardiac conduction across the entire myocardium with cellu-
lar resolution (Chapter 6). Although this combination of model sys-
tem, microscopy and image analysis provided new insights into prop-
erties of the zebrafish cardiac conduction system, a lot of questions
related to behavior and robustness of the cardiac conduction system
remain open. Here, I expanded my workflow with optogenetic tech-
niques by integrating optical manipulation into my high-speed car-
diac imaging microscope. With this extension at hand, I studied cal-
cium transients in greater detail and tested robustness and behavior
of the zebrafish cardiac conduction under different conditions.
7.1.1 Integration of patterned illumination
To perform optogenetic experiments, I need to illuminate defined
parts of the heart with light of specific wavelengths. Therefore, the ad-
ditional arm has to incorporate a multi-wavelength light source and
a way to confine the illumination to specific regions of the heart. As a
light source, I could use a light emitting diode (LED), a laser of a spe-
cific wavelength, or a gas lamp with excitation filters. To confine the
illumination, I could use a mechanical aperture and slit, scanning mir-
rors, a spatial light modulator, or a digital micromirror device (DMD).
I tested several of the mentioned techniques and found a combination
of a gas lamp with selectable filters and a DMD to work best.
The open structure of the microscope offers multiple ways of inte-
grating optical manipulation, which was an important aspect of the
design process. Coupling the optical manipulation into one of the
existing arms for illumination or detection (Section B.1) has several
advantages. First and foremost, the field of view and the focal plane
are already well adjusted for the zebrafish heart. Furthermore, illu-
mination and detection are set up with infinity-corrected optics and
provide several points where additional optics could be coupled in
by using a dichromatic mirror.
By using the orthogonal illumination arm for optical manipulation,
I would be able to confine the manipulation in axial direction. How-
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Figure 33 Integration of optical manipulation in the cardiac imaging system. A: Upgraded
cardiac imaging system. B: Optical manipulation test setup with LED light source and light path
(yellow), DMD and camera. C: Close-up of the intersections of illumination (blue), detection
(orange) and optical manipulation (yellow). D: Resulting illumination pattern in the field of
view. Reflection from a mirror in the focal plane (1), DMD covers zebrafish heart (2), arbitrary
patterns generated by the DMD (3, 4). See appendix for a more detailed system overview
(Section B.1).
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ever, I would be limited to stripe-like illumination in lateral direction.
I therefore decided to use the detection arm for optical manipulation.
By doing so, I have the ability precisely target individual cells in the
field of view, while being limited to a wide-field point spread func-
tion in axial direction. The integration of the optical manipulation
arm is summarized in Figure 33.
My tests showed that a DMD is ideal to quickly generate arbitrary
patterns of light, which are then projected into the focal plane. The
absence of a scanning mechanism and the rapid switching of the mi-
cromirrors makes this technique fully compatible to high-speed car-
diac imaging. Any number of patterns with user-defined shape are
generated simultaneously, which allows me to manipulate multiple
regions of the heart at the same time. The illumination power per
pixel remains constant and is independent of size, shape and number
of illuminated areas, which is ideal for reproducible experiments.
I designed my initial test setup (Figure 33) with an LED as light
source. For my final integration, I switched to a gas lamp. The first
reason for this decision was the drastic increase in illumination power
(about 5x for my specific wavelengths), which proved to be necessary
for the majority of optogenetic experiments. The second reason was
the increased flexibility. The gas lamp emits the entire spectrum of
visible light and covers parts of the ultraviolet (UV) and infrared
(IR) spectrum. Therefore, by using an excitation filter, I am free to
choose any wavelength typically used for optical manipulation. Those
include 360 nm for photoconversion of Kaede, 470 nm for the activa-
tion of channelrhodopsin, and 590 nm for hyperpolarization using
halorhodopsin.
7.1.2 Photo-conversion in subregions of the zebrafish heart
In order to perform optogenetic experiments in the living zebrafish
heart, I extended the high-speed cardiac microscope with an addi-
tional light path for optical manipulation (Section 7.1.1). Here, I photo-
converted the fluorescent protein Kaede in defined regions of a 2 dpf
zebrafish heart to test the performance and precision of patterned
illumination (Figure 34).
The results show that I successfully photo-converted defined re-
gions of the zebrafish heart using in vivo optical manipulation. The
targeted illumination resulted in localized response. The 3D pattern
of the converted regions confirms that photo-conversion also appeared
outside of the focal plane in axial direction. This is expected due to
the wide-field illumination.
In order to assure that the impact on cardiac conduction caused
by the energy input during optical manipulation is minimal, I illu-
minated wild-type zebrafish hearts under conditions typically used
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Figure 34 Precise in vivo optical manipulation using patterned illumination. Silenced 2 dpf
Tg(myl7:Kaede) zebrafish hearts. Photo-conversion through illumination with ultraviolet light for
5 min. Bright-field image with illuminated regions highlighted in red, fluorescence image with
photo-converted Kaede in green and non-converted Kaede in gray. 3D-projections of the entire
heart with photo-converted Kaede in green, non-converted Kaede in gray. A: Single region. B:
Two regions. Scale bar: 50 µm.
for optogenetic experiments. I found that their heart rate only shows
little response to the additional illumination (Section D.1).
A feature of the optical manipulation is that the position of its focal
plane remains constant relative to the imaging focal plane. This is ex-
pected, as both, detection and optical manipulation, use the same mi-
croscope objective. However, it is a limitation for experiments where
I would like to obtain 4D image data of the entire heart (Chapter 6),
while simultaneously manipulating subregions of the myocardium. A
motorized focus correction for the optical manipulation arm would
be required to perform such experiments.
Overall, I demonstrated that I can precisely target and photo-convert
defined regions of the zebrafish myocardium using my integration of
in vivo optical manipulation. Now, I applied this technique to perform
in vivo to study calcium transients and investigate the behavior and
robustness of the zebrafish cardiac conduction system.
7.2 light-mediated suppression of cardiac contraction
With in vivo cardiac imaging of selected transgenic zebrafish lines and
tailor-made processing and analysis tools, I analyzed the cardiac con-
duction system’s properties and behavior under physiological condi-
tions. Here, I used the optical manipulation capabilities of my cardiac
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Figure 35 Optical suppression of cardiac contractions using light-mediated hyperpolarization.
Optical sections of 4 dpfTg(myl7:Gal4FF, UAS:NpHR-mCherry, UAS:GCaMP3) zebrafish heart. A:
Beating heart without optical manipulation. B: Relaxed heart with optical manipulation. Left:
Overlay of bright-field image and NpHR-mCherry fluorescence. Right: GCaMP3 fluorescence.
C: Intensity profile of highlighted region over time, dotted line indicates illumination start and
stop. Scale bar: 20 µm.
imaging setup and the genetically encoded, light-activated chloride
pump halorhodopsin to disturb the electrical propagation in the ze-
brafish heart. This is accomplished by illuminating the entire heart
of 4 dpf transgenic zebrafish which express halorhodopsin in their
myocardium with light of 590 nm (Figure 35).
The data show that cardiac contraction was stopped as soon as
the entire heart is illuminated with light of 590 nm. This happened
immediately, indicating an instantaneous abortion of electrical propa-
gation and calcium release. Tracking the fluorescence intensity of the
calcium reporter close to the sinus venosus during the silent phase
reveals that during that period, the concentration of calcium con-
stantly drops - even below the actual minimum concentration mea-
sured while the heart is beating.
Upon releasing the illumination with 590 nm, the calcium concen-
tration close to the sinus venosus immediately increases, and the con-
traction re-initiates. This immediate response is reproducible and in-
dicates that the oscillations are aborted upon illumination, and en-
tirely reset once the illumination is again released, rather than being
suppressed in the silent phase.
Another interesting observation is the rising calcium concentration
after release of illumination. It takes the myocardium typically 6 to 10
cardiac cycles to reach an identical calcium level compared to before
the manipulation.
The heart of every positive zebrafish sibling showed a minimal
level of response, typically a short inconsistency in cardiac contrac-
tion. However, contraction could only be entirely stopped in a sub-
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set of a batch. Furthermore, the suppression of cardiac contraction
is not permanent. In most cases, the heart could be stopped for 5 to
20 s. After that period, cardiac contraction re-initiated despite ongo-
ing illumination. Either halorhodopsin’s chloride-pumping capabili-
ties diminish after a certain activation time, or the cardiac conduction
system actively compensates for the hyperpolarization.
Light-mediated hyperpolarization is also an elegant way to image
the zebrafish heart in 3D. I could record high resolution 3D image
data from relaxed hearts (Section D.2).
Overall, cardiac contraction in transgenic zebrafish expressing halo-
rhodopsin in their myocardium was successfully stopped by illumi-
nating the heart with light of 590 nm. Noticeable changes in calcium
transients indicated an immediate response of the cardiac conduction
system to both, illumination and release of illumination.
7.3 simultaneous optical mapping and manipulation
Cardiac contraction in zebrafish expressing halorhodopsin in the my-
ocardium could be stopped using illumination with light of 590 nm.
To further study the response of the calcium concentration in the my-
ocardium to light-activated suppression of electrical propagation, I
injected a morpholino targeting tnnt2a (Section 4.3.2) into the zygote
of transgenic zebrafish expressing halorhodopsin and a fluorescent
calcium reporter. In the developing silenced heart, I stopped cardiac
conduction by illuminating the region of the sinus venosus with light
of 590 nm and simultaneously measured calcium transients in the
myocardium (Figure 36).
Figure 36 Simultaneous imaging and optical manipulation with high spatio-temporal reso-
lution. Silenced 1 dpf Tg(myl7:Gal4FF, UAS:NpHR-mCherry, UAS:GCaMP3) zebrafish heart. A:
Bright-field images before, during and after optical manipulation. Circle highlights region of
illumination. B: GCaMP3 fluorescence before and during optical manipulation; a-d: regions of
intensity profiles. C: Calcium transients from the highlighted regions (a-d) before, during and
after illumination. Scale bar: 20 µm. 1 movie is available in Appendix E.
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The data reveal that cardiac conduction could also be stopped in
silenced zebrafish hearts by illumination with light of 590 nm. Fur-
thermore, restricting the illumination to the region of the sinus veno-
sus is enough to stop conduction in the entire heart, with no signs
of calcium release in the remaining myocardium. Those findings are
reproducible in beating hearts and in hearts of older embryos. Again,
the response to illumination happens immediately. During the "silent"
phase, the concentration of calcium also drops below the detected
minimum during normal cardiac cycles. Directly upon the release of
illumination, calcium release is re-initiated, and it saturates after 6 to
10 cycles. The drop in calcium concentration, as well as the saturation
effect, are both visible across the entire myocardium.
Taken together, cardiac conduction was stopped by light in silenced
hearts of zebrafish expressing halorhodopsin in their myocardium.
Restricting the illumination to the sinus venosus was sufficient, indi-
cating that this region controls the propagation of the electrical stim-
ulation. Interestingly, there are no signs of a secondary pacemaker
region that could serve to pace subregions of the heart.
7.4 light-induced atrial fibrillation
Optical manipulation experiments in zebrafish hearts expressing the
light-activated chloride pump halorhodopsin did not reveal any sign
of secondary pacemaker activity. By illuminating the region of the
sinus venosus, cardiac conduction in the entire myocardium stopped
(Section 7.3). Here, I expanded optical manipulation to transgenic ze-
brafish expressing the light-gated ion channel channelrhodopsin in
their myocardium. I illuminated inflow region and atrium of 3 dpf
zebrafish hearts with light of 470 nm (Figure 37).
The data show that patterned illumination of channelrhodopsin-
expressing zebrafish hearts with 470 nm immediately induces atrial
fibrillation. This is a clear indication that the electrical propagation
in this part of the myocardium is severely disturbed. Cardiac contrac-
tion in the atrium quickly re-initiated upon release of illumination.
Astonishingly, the ventricle retained a regular contraction, indicating
that ventricular electrical propagation is maintained during atrial fib-
rillation. The frequency of the heartbeat is 20% lower when compared
to before and after optical manipulation, indicating the existence of
a potential secondary level of control located in the atrio-ventricular
canal.
Overall, light-induced atrial fibrillation revealed a potential sec-
ondary level of cardiac conduction control. In future experiments it
will be interesting to combine this type of optical manipulation with
simultaneous readout of a fluorescent calcium or voltage reporter.
70 optical manipulation of cardiac conduction
7.5 photo-sensitization of the sinus venosus
Previous experiments revealed that the sinus venosus is a primary
control center for cardiac conduction (Section 7.3). Here, I reduced
the viability of cardiomyocytes in the sinus venosus of transgenic ze-
brafish expressing the photo-sensitizer KillerRed in their myocardium
and investigated the impact on cardiac contraction (Figure 38).
Cells of the myocardium were specifically altered by combining the
expression of KillerRed with patterned illumination. The targeted re-
lease of reactive oxygen species in cells of the sinus venosus resulted
in a reduced heart rate. Although the frequency of the heartbeat de-
creased, it remained regular, and the myocardium retained a synchro-
nized contraction from inflow to outflow tract. The optical manipula-
tion caused the heart wall to stay in diastole for longer period, and
atrial and ventricular contractions were more abrupt. By illuminating
the region for 30 min, cardiac contraction was entirely stopped.
Overall, the activation of a photo-sensitizer in the zebrafish heart’s
sinus venosus resulted in a reduced, but still regular heartbeat. Again,
for future experiments, it will be interesting to combine optical ma-
nipulation with a readout of the pattern of cardiac conduction.
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Figure 37 Ventricular pacemaking during induced atrial fibrillation. Beating 3 dpf
Tg(myl7:Gal4, UAS:ChR2-eYFP) zebrafish heart. A: Bright-field images of atrial and ventricular
systole in wild-type and manipulated heart. Arrowheads point at the beating ventricle. Scale
bar: 50 µm. B: Contraction profiles of atrium and ventricle, dotted lines indicate start and stop
of 470 nm illumination. 1 movie is available in Appendix E.
Figure 38 Photo-sensitization of the sinus venosus to simulate aggravated conditions. Beat-
ing 3 dpf Tg(myl7:Gal4, UAS:KillerRed-dMito-IRES-eGFP) zebrafish heart. A: Bright-field images
of atrial and ventricular systole before and after activation of KillerRed. A: atrium, V: ventri-
cle. Box indicates region of illumination, lines indicate kymograph regions. B: Kymograph of
highlighted regions in atrium and ventricle. Scale bar: 50 µm.
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D I S C U S S I O N
In this work, I have employed a workflow in zebrafish to explore
features of the cardiac conduction system that previously have been
inaccessible. I established a strategy for all-optical 4D in vivo monitor-
ing and manipulation of the zebrafish heart. The core of this strategy
is a combination of selected transgenic zebrafish lines, a custom-built
high-speed light sheet microscope, and dedicated image processing
and analysis. Spatial and temporal resolution are sufficient to extract
calcium transients from individual cardiomyocytes and track the con-
duction wave from cell to cell, and individual groups of cells are
optically manipulated to alter cardiac conduction. Optical mapping
and manipulation of the zebrafish heart under physiological condi-
tions reveals the initial assembly of the regular heart rhythm between
21 and 22 hpf, the 4D cardiac conduction pathway in the embryonic
heart, distinct calcium transients in cardiac conduction system compo-
nents, the robustness of embryonic cardiac conduction under aggra-
vated conditions, and new evidence for the presence of a ventricular
pacemaker system at 3 dpf. Although I conduct the majority of exper-
iments in silenced hearts, I already set the foundation to transfer the
methods to the beating heart. This all-optical approach is a new step
forward towards systematic, non-invasive in vivo studies of cardiac
function and performance.
8.1 all-optical in vivo cardiac imaging and manipula-
tion
The all-optical cardiac imaging and manipulation system is a ma-
jor step forward for cardiac conduction research in zebrafish. Light
sheet illumination provides instant optical sectioning and reduces en-
ergy input. Specimens are precisely translated and rotated to always
find the ideal orientation for cardiac imaging in each developmen-
tal stage. The detection objective with high numerical aperture (NA),
high quality filters, the fast scientific complementary metal-oxide-
semiconductor (sCMOS) camera, optimized sample mounting and a
powerful software integration provide cellular resolution and imag-
ing speeds sufficient to track the wave of conduction. Optical map-
ping and manipulation is now performed in vivo, without invasive
techniques. Activation patterns are now recorded in 4D by using mo-
torized specimen translation and post-acquisition synchronization.
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8.1.1 A custom-built microscope is indispensable for cardiac imaging and
manipulation
In the course of my thesis work it became clear that 4D in vivo optical
mapping of cardiac conduction with cellular resolution can only be
performed with a custom light microscope that combines a selection
of ideal components. The imaging technique of choice is light sheet
microscopy: The separation of illumination and detection results in
fast optical sectioning with minimized photo-toxicity and -bleaching,
and the ability to freely translate and rotate the specimen. A multidi-
rectional selective plane illumination microscopy (mSPIM [Huisken
and Stainier 2007]) configuration, with two optical arms for illumina-
tion and one for detection, proved to be ideal for cardiac imaging in
zebrafish expressing tissue-specific fluorescent proteins (Chapter 4).
The size of the field of view and the properties of the light sheet were
selected to image the entire embryonic zebrafish heart with cellular
resolution. With a light sheet thickness of 4-6 µm across a 250 µm field
of view, the optical sectioning capabilities of the new cardiac imaging
system are on par with similar light sheet setups [Engelbrecht and
Stelzer 2006, Olarte et al. 2012]. Using a subregion of an sCMOS cam-
era resulted in a typical imaging speed of 400 Hz while maintaining
an adequate pixel size of 0.41 µm to resolve cellular structures (Sec-
tion 5.3). Overall, the new light sheet setup has the best performance
for in vivo zebrafish cardiac imaging.
Having a light-sensitive microscope is crucial for an all-optical ap-
proach to monitor cardiac conduction in vivo. Although new gen-
erations of genetically expressed fluorescent calcium reporters con-
stantly improve in terms of signal-to-background ratio, they are still
significantly weaker when compared to traditional fluorescent pro-
teins. Even worse, genetically expressed fluorescent voltage reporters
still have a much lower signal-to-background ratio when compared
to traditional fluorescent proteins and even fluorescent calcium re-
porters. High imaging speeds of 400 Hz or more are required for cell-
to-cell tracking of zebrafish cardiac conduction (Section 5.3), leaving
only 2.5 ms or less to record one image. However, compensating the
short exposure time with higher laser power works only to a certain
degree, as too much light paces the heart (Section A.4) [Wang et al.
2014b] and mediates calcium release and cell apoptosis [Knight et al.
2003], resulting in unwanted side effects when studying cardiac con-
duction. It is therefore essential to use a high-NA detection objective,
high quality filters and a camera with a high quantum efficiency.
The light sheet illumination arms feature a 1 kHz scanning mir-
ror to pivot the light sheets around the center of the field of view,
which reduces stripe artifacts and improves illumination uniformity
[Huisken and Stainier 2007] (Section B.2). A negative side effect of
the scanning are periodic intensity fluctuations during fast calcium
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measurements (Section B.3). I therefore decided to perform optical
mapping experiments without pivoting light sheets. To compensate
for potential heterogeneous illumination, I made the analysis inde-
pendent of fluorescence intensities variations across the myocardium
(Section 4.4). In future setups, the use of pivoting light sheets for
high-speed imaging would require the integration of an even faster
scanning mirror.
Due to the high versatility of light sheet microscopy, I could inte-
grate patterned illumination for simultaneous cardiac imaging and
optical manipulation experiments (Section 7.1). Subregions of the ze-
brafish heart are precisely manipulated (Section 7.1.2). Optical silenc-
ing and stimulation of cardiac excitability revealed calcium satura-
tion in embryonic myocardial cells during normal cardiac cycles (Sec-
tion 7.3). Furthermore, I could demonstrate early secondary pace-
maker capabilities of the atrio-ventricular myocardium (Section 7.4),
and study the maintenance of a rhythmic heart beat under aggravated
conditions (Section 7.5). An additional application of optical manipu-
lation is high resolution imaging in stopped hearts (Section D.2). In
the future, the potential of simultaneous 4D in vivo optical mapping
with cellular resolution and precise optical manipulation should be
further exploited to study the properties and performance of the car-
diac conduction system.
Although the majority of the zebrafish heart is well imaged in vivo
using light sheet microscopy, image contrast and resolution visibly
decrease towards deeper regions of the heart. An increased depth
penetration would alleviate cell segmentation and improve the signal-
to-background ratio of calcium and voltage measurements. Potential
technical solutions to that challenge are the use of two-photon exci-
tation, adaptive optics and infrared-shifted fluorescent reporters. Un-
fortunately, two-photon light sheet microscopy remains to have more
disadvantages than advantages when compared to its single-photon
equivalent, resulting in increased photo-toxicity, low photon yield
and images of low contrast [Olarte et al. 2012, Mahou et al. 2014].
Adaptive optics can improve image contrast by compensating aber-
rations, but remains slow and not well applicable to moving objects
[Wang et al. 2014a].
8.1.2 Ideal sample mounting for daily experiments and time-lapse studies
In light sheet microscopy, the specimen is placed vertically in the in-
tersection of illumination and detection axis, and the sample mount-
ing needs to be adapted accordingly. We developed sample mounting
strategies for different experiments ranging from short-term experi-
ments (Section 5.2.2) to multi-day time-lapse acquisitions (Section B.4)
[Kaufmann et al. 2012, Weber et al. 2014a]. The key aspect of our strat-
egy is the use of transparent tubes made from fluorinated ethylene
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propylene (FEP), a polymer having a refractive index similar to wa-
ter (1.338). In the past, specimens were typically mounted in 1.5%
low-melting point agarose. This provided the necessary stiffness for
orienting them vertically, but prevented them from growing. With
FEP tubes taking the role of the mechanical support, we are now
free to use more liquid mounting medium such as 0.1% agarose or
3% methyl cellulose. Their reduced stiffness support sample growth,
while still maintaining its stability for reliable image acquisition.
One remaining challenge for time-lapse studies is FEP’s lack of gas
permeability. Although the inside of the tube is in contact with the
medium inside the sample chamber via the agarose plug, zebrafish
embryos older than 4 dpf mounted in FEP tubes appeared to suffer
from lack of oxygen. Symptoms of this were increased wobbling and
unstable heart rate. A potential improvement could be the use of per-
forated tubes (Section B.4).
Although I mainly focused on short-term experiments in the course
of this thesis, the long-term mounting methods will become essential
for studying the development of distinct cardiac calcium transients
and changes in the activation patterns during zebrafish embryogen-
esis. Furthermore, mounting the specimen in FEP tubes has also ad-
vantages for short, single timepoint experiments, where the zebrafish
is embedded in 1.5% agarose. The mounting is faster, the samples are
less fragile, and their short-term storage and transfer to the sample
holder are easier. Those advantages might sound trivial, but they in-
crease the sample throughput and the success rate of every imaging
session. Overall, the newly developed sample mounting strategies are
of major importance for current and future in vivo cardiac imaging
and optical mapping experiments.
8.1.3 Powerful data handling is crucial for high-speed cardiac imaging
A powerful data handling strategy is crucial for high-speed cardiac
imaging. The higher spatial and temporal resolution of the new car-
diac imaging system results in increased data rates of about 600 MB/s
and data sizes of up to 200 GB for a single timepoint. This presents
a challenge not only for the computer hardware, but also for the soft-
ware that controls the microscope. Other studies already appreciate
that light sheet microscopy often exceeds the capabilities of a normal
computer and integrate elegant real-time processing solutions that
only store image data that are really required for analysis [Schmid
et al. 2013]. In case of the cardiac imaging system, a custom-written
program streams image data from the cardiac imaging system onto
a fast array of solid state drives (SSD) with a typical data rate of
600 MB/s. Once the experiment is finished, the image data are trans-
fered to a workstation for further processing or to a network-coupled
storage system, which works very well for short experiments (Sec-
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tion 5.1.4). For long time-lapse acquisitions, where the amount of im-
age data exceeds the storage capacity of the SSD array, image data
is transfered to the network-coupled storage system between time-
points. Therefore, we integrated a high-speed network connection
and customized the acquisition software accordingly. The required
steps for data handling also highlight that high-speed microscopy
makes demands that go far beyond the actual microscope setup.
An important consideration in the process of designing the car-
diac imaging system was the data handling during post-acquisition
steps. New studies emphasize the importance of handling big im-
age data and develop software for fast data visualization and anal-
ysis [Peng et al. 2014], fast segmentation [Stegmaier et al. 2014] or
even real-time processing during time-lapse imaging [Schmid et al.
2013]. By carefully selecting the right spatial and temporal resolution,
I ensured that individual cells of the myocardium are segmented in
3D and tracked during cardiac cycles (Section 6.1.3), and that acti-
vation patterns are tracked from cell to cell (Section 5.3). By select-
ing resolutions that are just enough for the target analysis, I also
avoided acquiring images that contain unnecessary data. As a result,
a very good workstation was sufficient to reconstruct 4D datasets of
zebrafish hearts using post-acquisition synchronization (Section 6.1.1)
and perform the cardiac conduction analysis (Section 4.4). One of the
first steps during my analysis workflow is a reduction of data size
by segmenting the myocardium and extracting only the required cal-
cium transients, while all the image data are removed from memory.
This step was even more important once I adapted the analysis for 4D
datasets, which are 150x to 250x larger (Section 6.2). Taken together,
I optimized image acquisition and data processing to enable daily
experiments.
8.2 onset of cardiac muscle automaticity between 21
and 22 hpf
Many questions related to the onset of cardiac contraction remain
unanswered to this day. A major ambiguity is to identify in which
component of the heart the first action potentials occur. Classical
literature states that pacemaker dominance originates in the ventri-
cle and then gradually moves from ventricle to atrium [Patten and
Kramer 1933]. Later, pacemaker dominance was thought to be in
the sinus venosus from the very beginning of electrical activity, and
that excitation-contraction coupling first manifests in the ventricle
[Van Mierop 1967]. In order to study the development of cardiac au-
tomaticity in embryonic zebrafish, I combined light sheet microscopy
of cardiac calcium transients using a genetically encoded fluorescent
calcium reporter with bright-field microscopy of heart contractions
(Section 4.2).
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The first sporadic calcium release is detected at 20 hpf (Section 4.2).
The calcium transients are prolonged to 3 s, and appear in irregu-
lar intervals of sometimes more than 30 s. A potential cause for such
long and irregular transients could be immature action potentials that
result in a constantly high membrane potential and only sporadic cal-
cium release. Although skeletal muscles contract, the heart does not.
The absence of cardiac contraction might be caused by deficient cy-
tosolic calcium concentrations. The composition of those slow poten-
tials could potentially be revealed by targeting specific ion channels
known to be involved in the formation of action potentials. In addi-
tion, a quantitative measurement of the sporadic calcium transients
using ratiometric fluorescent reporters would allow to compare the
amount of released calcium to later stages of cardiac development
[Horikawa et al. 2010].
The first cardiac contractions appear at 21 hpf and are always syn-
chronized to calcium release. Although the heartbeats are more fre-
quent than at 20 hpf, cardiac cycles are often missed and the cy-
cle length fluctuates. At this point in development, action potentials
might not be fully matured. One hour later, the zebrafish heart beats
at a virtually constant rate of 0.7 Hz, and only very few beats are
stilled missed (Section 4.2).
An approach to further decipher the maturation of early action
potentials and resulting calcium transients are simultaneous voltage
and calcium measurements. The Tg(myl7:Arch(D95N)-GCaMP5G) ze-
brafish line used here offers this feature in older fish (Section 6.3.2).
The fish line did show fluorescent response to calcium, but not to
voltage, despite the supply of the all-trans retinal required by the
rhodopsin Arch(D95N) (Section 10.2.4). Here, alternative fluorescent
voltage reporters or dyes need to be tested for early in vivo optical
mapping in zebrafish. In addition, pharmacological blocking of spe-
cific ion channels might help to understand the components involved
in the maturation of zebrafish action potentials.
The optical mapping data recorded in the early zebrafish heart pro-
vide evidence that the first cardiac pacemaker activity is indeed ini-
tiated at the location of the future sinus venosus. Already the sparse
calcium transients at 20 hpf are delayed by on average 100 ms in the
direction of future contraction propagation. Although at this devel-
opmental stage, calcium transients appear to be immature, the few
detected conduction waves already have an inherent directionality.
Unfortunately, images recorded before 22 hpf are of low contrast,
not well sectioned and do not provide cellular resolution (Section 4.2).
At that time, the zebrafish heart is still hidden between head and yolk,
and either the light sheet or the fluorescence emission (or both) de-
grade by having to penetrate through large amounts of tissue. The
ability to rotate the sample and to switch between light sheets in the
mSPIM configuration is very useful to locate the heart and find the
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ideal imaging angle (Section 4.1). However, as light sheet microscopy
requires 90◦ access for illumination and detection, there might not
be such an ideal angle. One solution could be the use of classic mi-
croscopy techniques that feature single-axis illumination and detec-
tion, such as spinning disc confocal or confocal laser scanning - but
compared to light sheet microscopy, those techniques require higher
energy input and potentially influence cardiac conduction through
pacing or light-mediated calcium release [Knight et al. 2003]. An-
other solution could be sample mounting in tilted FEP tubes, which
provides another degree of freedom beyond translation and rotation,
and could make the ideal imaging angle for early cardiac imaging
accessible (Section B.4.1). Overall, early cardiac imaging and optical
mapping in zebrafish still requires technical optimizations, but does
already reveal sporadic calcium sparks at 20 hpf and regular heart-
beats starting at 21 hpf.
8.3 4d in vivo cardiac conduction analysis
8.3.1 Post-acquisition synchronization for 4D cardiac imaging
With the developed cardiac imaging system, the zebrafish heart is
imaged throughout embryogenesis (Section 4.1). However, the high-
speed imaging is restricted to a single optical section of the heart and
cannot be directly applied to 3D imaging. Z-stacks of the beating ze-
brafish heart with a z-spacing of 2 µm are acquired in 200 to 300 ms
with the acquisition speeds of 400 Hz and fast linear motors for trans-
lating the specimen along the detection axis. Still, with a heart rate of
2 to 4 Hz, the zebrafish heart will go through 0.4 to 1.2 cardiac cycles
while the z-stack is recorded. This will result in a distorted 3D repre-
sentation of the beating heart, which makes a morphological analysis
unfeasible. Those arguments also apply to cardiac conduction analy-
sis in the silenced heart: The velocity of the cardiac conduction wave
reported by genetically encoded fluorescent calcium reporters equals
the one of cardiac contraction (Section A.2), and the 3D wave pat-
tern would be significantly distorted when recorded with this type
of z-stack. Previous studies tackle that problem with two major ap-
proaches: Either using real-time microscope image gating to record
individual z-planes at always the same stage in subsequent cardiac
cycles [Taylor et al. 2011], or with wavelet-based synchronization of
non-gated 2D image sequences [Liebling et al. 2005a,b,c, 2006]. We im-
proved the latter technique by adapting it for high-speed light sheet
microscopy and could record the beating heart in 3D [Mickoleit et al.
2014]. Compared to gated imaging, this post-acquisition synchroniza-
tion results in complete 4D datasets with no loss in spatial or tem-
poral resolution. The technique is applicable to the zebrafish heart
throughout embryogenesis (Section 6.1.1), but also strikingly well to
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silenced hearts expressing genetically encoded fluorescent calcium re-
porters (Section 6.2.1). Consequently, I could study cardiac activation
patterns in both beating and silenced zebrafish hearts (Section 6.1,
Section 6.2). Post-acquisition synchronization does rely on a perfect
sample orientation in relation to the detection axis and does give
false results if this criterion is not met (Section C.4), an effect that has
also been demonstrated using a computer-simulated zebrafish heart
[Mickoleit et al. 2014]. This is a decisive argument for the provision
of flexible sample translation and rotation in the cardiac imaging sys-
tem. Taken together, beating zebrafish hearts expressing fluorescent
proteins and silenced hearts expressing fluorescent calcium reporters
can now be imaged in 4D using post-acquisition synchronization.
Both techniques for 3D cardiac imaging share one limitation: they
rely on periodic cardiac cycles and cannot visualize cardiac arrhyth-
mia and individual blood cells. This limitation has recently been
approached by using a light sheet that is scanned along the detec-
tion axis and a synchronized electrically focus-tunable lenses (ETL)
in the detection path, which provides almost instantaneous volumet-
ric imaging [Fahrbach et al. 2013b, Mickoleit et al. 2014]. Using ETL-
based light sheet microscopy, I could record some first real-time 4D
activation patterns in the silenced embryonic zebrafish heart (Sec-
tion C.5). The rapid volumetric scanning provided by the ETL reduces
the time offset between z-planes, but does not remove it entirely. As
z-stacks of the heart are still recorded as a sequence of images, the
delay between first and last z-plane is still determined by the expo-
sure time of the camera. High-speed cameras with acquisition speeds
of thousands of frames/second do exist, but are typically not opti-
mized for high quantum efficiency. Comparably weak fluorescent re-
porters of calcium concentration or action potentials would require
much more energy input, resulting in increased photo-toxicity and
-bleaching, as well as light-mediated pacing. It therefore remains a
challenge for manufactures to develop cameras that are ideally suited
for optical mapping with ETL-based light sheet microscopy. Further-
more, genetically encoded fluorescent reporters with higher signal-to-
background ratio would reduce the required illumination power, and
an overwhelming number of recent studies demonstrate new genera-
tions of calcium- and voltage-sensitive fluorescent proteins [Ohkura
et al. 2012, Muto et al. 2013, Chen et al. 2013, Robles et al. 2014, Thiele
et al. 2014, Hochbaum et al. 2014] (Section A.3). Another approach to
rapid volumetric imaging of the zebrafish heart could be the combina-
tion of multiple light sheets and light-field microscopy. In light-field
microscopy, several focal planes are acquired simultaneously [Levoy
et al. 2006, Skupsch and Brücker 2013, Prevedel et al. 2014], and multi-
ple light sheets provide instant multi-plane illumination [Mohan et al.
2014]. Despite all the remaining challenges, rapid volumetric imaging
has the potential to instantaneously record and visualize 4D cardiac
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activation patterns during in vivo pharmacological studies, or from
arrhythmic or optically manipulated hearts.
8.3.2 Tailor-made cardiac conduction analysis
High-speed light sheet microscopy and post-acquisition synchroniza-
tion yield 4D datasets that provide a unique and complete view on
in vivo zebrafish conduction patterns (Section 6.2.1). However, the
comparison between multiple fish or the same fish under multiple
conditions requires precise analysis of changes in fluorescence inten-
sity. Therefore, I developed a semi-automated program that segments
the myocardium, analyzes the calcium transients of all myocardial
voxels and plots the spatiotemporal distribution of transient peaks
onto the segmented myocardium. This method works for 2D (Sec-
tion 4.4) and synchronized 3D image data (Section 6.2) recorded from
zebrafish with silenced hearts expressing a calcium reporter in their
myocardium.
The analysis of individual voxels over time makes the analysis in-
dependent of illumination homogeneity across the field of view and
inter-cellular differences in fluorescence intensity. It also provides in-
stant access to calcium transients at every point in the myocardium.
As a disadvantage, the position of each voxel has to be constant over
time, which is why this approach is not applicable to beating hearts.
The tracking results from the peak analysis give a very good im-
pression of the 3D pathway and the timing of cardiac conduction.
Instead of using the peak fluorescence intensity, our future analysis
workflow will visualize the onset of calcium release using APD80
or APD50 [Panáková et al. 2010, Werdich et al. 2012, Laughner et al.
2012] .
8.3.3 4D conduction pattern in the zebrafish heart
The reconstruction of the 4D in vivo conduction pattern of the embry-
onic zebrafish heart is in good agreement with the literature: Activa-
tion is initiated at the sinus venosus close to the inflow tract, quickly
propagates across the atrium, is slowed down at the atrio-ventricular
myocardium, and again accelerates in the ventricle before reaching
the outflow tract. In addition, the conduction wave is now recorded
in vivo, which is crucial for studying cardiac conduction in its phys-
iological environment [Hörning et al. 2012, Lin et al. 2012, Bartman
et al. 2004]. Furthermore, single optical sections or wide-field record-
ings of the zebrafish heart never visualize the entire activation pat-
tern (Section 6.2.1), and no other optical mapping approach provides
cell-specific calcium transients for individual cells of the myocardium
(Section 6.2.2).
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Interestingly, speed and pattern of cardiac conduction in the si-
lenced heart are similar to those of cardiac contraction in the beat-
ing heart (Section A.2). The conduction wave propagates from sinus
venosus across the myocardium and reaches atrio-ventricular canal
and outflow tract collectively. Although cardiac morphogenesis and
endocardial volume are visibly affected by the injection of a mor-
pholino targeting cardiac troponin, typical features like larger cells
in the outer curvatures of atrium and ventricle are also present in si-
lenced hearts (Section 4.3.2). Apparently, embryonic myocardial cells
are not exclusively shaped by heart contractions and blood flow. As
previously suggested for the zebrafish heart [Chi et al. 2008], their
size and shape seem to be an important factor for the propagation
of the action potential. Studies on isolated cardiomyocytes suggest
that cardiac conduction is progressively advanced by contraction via
stretch-mediated localization of gap junction proteins along the prop-
agation axis [Salameh and Dhein 2013]. This effect might not yet be
present during embryogenesis. The predominant gap junction protein
connexin 43 (Cx43) shows a homogeneous distribution along the my-
ocardial plasma membrane in the wild-type 3 dpf zebrafish ventricle,
with no signs of localization at the cell poles (Figure 39). The ques-
tion remains if all of the stained Cx43 form functional gap junctions,
or if their assembly is already localized. A simulation study revealed
a significant impact of cell size, cell shape and gap junction distribu-
tion on conduction velocity [Seidel et al. 2010]. It would be interesting
to use a double-transgenic zebrafish expressing a fluorescent calcium
reporter along with a marker for Cx43 for combined geometrical and
functional measurements. Cell-specific 4D cardiac conduction anal-
ysis could potentially identify the actual gap junctions used by the
conduction wave to propagate from cell to cell, and also reveal the
influence of cell size and shape on cardiac conduction.
8.3.4 Chamber-specific calcium and voltage transients
The 4D analysis of the cardiac conduction system in the zebrafish re-
veals component-specific calcium transients. By extracting transients
from defined positions in the cardiac conduction cycle, I could iden-
tify three classes that differ in the duration of calcium release. The
atrial calcium concentration rises within 80 ms (average); this period
takes on average 120 ms in the atrio-ventricular myocardium and in-
creases to more than 150 ms in the ventricle (Section 6.3.1). I con-
firmed the appearance of chamber-specific calcium-transients with
simultaneous in vivo measurements of voltage and calcium transients.
This experiment also revealed different voltage transients in atrium
and ventricle (Section 6.3.2). My data are in line with previous find-
ings in zebrafish (Figure 40). Whereas older studies used excised
hearts to perform electrophysiological studies [Chi et al. 2008] or un-
8.3 4d in vivo cardiac conduction analysis 85
Figure 39 Intercellular electrical coupling in the zebrafish ventricle. 3D reconstruction of con-
focal sections from a 3 dpf wild-type heart stained with anti-Cx43 [Panáková et al. 2010]. The
staining highlights a homogeneous distribution of the gap junction protein connexin 43 along
the plasma membrane. AVC: atrio-ventricular canal, OFT: outflow tract. Scale bar: 20 µm.
coupled excitation and contraction with drugs that reduce conduction
velocity [Hou et al. 2014], my data are collected under more physio-
logical conditions. This was possible because of the dedicated micro-
scope for in vivo optical mapping, but also because of a genetically
encoded dual-function calcium and voltage reporter [Hou et al. 2014].
Simultaneous optical mapping of action potentials and calcium tran-
sients has been done before, but only with fluorescent dyes in excised
hearts [Laurita and Singal 2001].
A cause of the component-specific voltage and calcium transients
in the zebrafish has not yet been identified to complete satisfaction.
Pharmacological studies revealed a stepwise maturation of the ac-
tion potential from calcium-driven to sodium-driven starting at 90
to 102 hpf [Hou et al. 2014]. However, already cardiac calcium tran-
sients recorded as early as 22 hpf show the typical slower rise and
faster decay in the future ventricle (Section 4.2, and the differences
become clearly visible at 2 dpf (Section 6.3.1). Several potential ap-
proaches that involve optical mapping could help to clarify here. A
purposeful analysis that utilizes the cellular resolution could extract
more knowledge from existing 4D data, and our first attempts in this
direction have already led to promising results. By automated classi-
fication of segmented cells based on their inherent calcium transients,
we could clearly identify three types of cells that localize to atrial,
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Figure 40 Distinct voltage and calcium transients in the embryonic zebrafish taken from the
literature. AP: action potential; AV: atrio-ventricular myocardium. A: Atrial and ventricular
voltage and calcium transients in the embryonic zebrafish heart. [Hou et al. 2014] B: Calcium
transients and AP for atrial, atrio-ventricular and ventricular myocardium. [Chi et al. 2008] C:
Model for a chamber-specific maturation of AP in the zebrafish heart, suggesting a stepwise
transition from calcium- to sodium-driven AP. [Hou et al. 2014]
atrio-ventricular and ventricular myocardium (Figure 42). To study
how calcium transients mature, we plan to extend this analysis to
time-lapse image data that cover most of the zebrafish embryogene-
sis. The combination with fluorescent reporters for the second heart
field [Zhou et al. 2011] and the chamber-specific myosin heavy chain
proteins [Berdougo et al. 2003] could also provide new insights into
potential correlations. Progress could also be made by utilizing the ze-
brafish heart’s unique regeneration abilities. A subset of myocardial
cells could be killed with localized activation of a genetically encoded
photosensitizer [Bulina et al. 2006a,b] (Section 7.5) or targeted laser
ablation, and the maturation of voltage and calcium transients stud-
ied during their regeneration. Furthermore, zebrafish lacking some of
the essential components for the differentiation of the cardiac conduc-
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tion system could be used to analyze differences in cell classifications
[Milan et al. 2006].
Monitoring a fluorescent calcium reporter in parallel to myocar-
dial hyperpolarization revealed interesting changes in calcium tran-
sients. Cardiac conduction in embryonic hearts expressing the light-
activated chloride pump halorhodopsin is halted by illumination with
orange light [Arrenberg et al. 2010]. Light-mediated hyperpolariza-
tion of the myocardium resulted in suppressed cardiac contraction
(Section 7.2) and disrupted conduction waves (Section 7.3). Immedi-
ately with halting cardiac conduction, the cytosolic calcium concen-
tration decays, ultimately reaching a level which is on average 50%
lower than during normal cardiac cycles. Although the quantifica-
tion of fluorescence intensities should be viewed with reservation, the
results are clear and consistent across the myocardium. Apparently,
calcium released into the cytoplasm is never completely removed un-
der wild-type conditions. As expected, this leads to a saturation of
cytoplasmic calcium during normal cardiac cycles. This shows with
the increase of calcium concentration after the release of orange illu-
mination. The myocardium requires 6 to 10 cardiac cycles to reach
a peak calcium concentration identical to without manipulation. In-
terestingly, this saturation effect also has an impact on the shape
of cardiac calcium transients. Transients measured immediately af-
ter hyperpolarization are characterized by a plateau phase that is
even more pronounced in the future ventricular myocardium. This
again highlights the chamber-specific transients described earlier and
could explain differences between calcium transients measured in ar-
tificially decelerated or paced hearts. Ratiometric fluorescent calcium
reporters might provide a way to further quantify the cytosolic cal-
cium release during cardiac cycles [Horikawa et al. 2010]. Taken to-
gether, the simultaneous optical mapping and manipulation provide
unique insights into the properties of the zebrafish cardiac conduc-
tion system, and they remain subject for further investigation.
8.3.5 New quantitative 4D analysis
The voxel-based analysis provides a unique first look at the 4D cal-
cium pattern of the zebrafish heart, but does not make full use of
the cellular resolution stored in the recorded image data yet. Ideally,
we want to be able to study the inter-cellular propagation of the con-
duction wave to reveal the impact of cell shape and size. Individual
cells of the myocardium can already be segmented and tracked over
time with the help of a simultaneously expressed fluorescent nuclei
marker (Section 6.1.3). The cell tracks are then used to extract calcium
transients from the beating zebrafish heart (Section 6.1.4). Based on
those findings, we are modifying the analysis to utilize positional in-
formation provided by the nuclei marker. The cell nuclei are located
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Figure 41 New quantitative 4D analysis of zebrafish cardiac conduction. A: Intensity pro-
jections of raw data and results of segmentation using processed nuclei image data. B: 3D-
reconstructed myocardial network with position of the onset of calcium release, divided into
12 bins. C: Cell numbers (left) and average conduction velocity in every bin (right). 4D data
recorded from 2 dpf Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish hearts. Post-
acquisition synchronization of single cardiac cycles. Scale bar: 20 µm. 1 movie is available in
Appendix E.
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in preprocessed image data [Gong et al. 2013] using fast 3D segmenta-
tion algorithms [Al-Kofahi et al. 2010, Sommer et al. 2011, Stegmaier
et al. 2014] and the averaged calcium transients from the correspond-
ing cell volume are analyzed. The compiled conduction wave is then
tracked from cell to cell (Figure 41).
The new analysis’ preliminary results provide comprehensive in-
sights into the cardiac conduction system. Within the first 85 ms of a
cardiac cycle, not more than 8 cells show a release of calcium. This
indicates that indeed, the sinus venosus is only comprised of a very
small number of cells. Previous studies using optogenetics already
suspected that and concluded that the zebrafish cardiac conduction
system might therefore be susceptible to faults [Arrenberg et al. 2010].
The cell numbers indicate that in atrium and ventricle, many cells
are active within a short period, whereas this number decreases in
the atrio-ventricular canal. Conduction velocities in atrium and ven-
tricle are on average higher - and also show a much higher variabil-
ity - than in the atrio-ventricular canal. Velocities below 1 µm/ms in
the atrio-ventricular canal and around 2 µm/ms confirm my measure-
ments (Section 4.4).
Preliminary results from the new analysis also confirmed the ex-
istence of component-specific calcium transients (Section 8.3.4). An
automated transient classification of a segmented 4D dataset reveals
distinct calcium transients in atrium, atrio-ventricular canal and ven-
tricle (Figure 42). Further optimization of segmentation and analysis,
and the systematic processing of more datasets, could deliver more
substantiated data.
Overall, novel dedicated strategies to analyze 4D image data enable
a detailed look at zebrafish cardiac conduction. In future studies, it
will be interesting to further optimize the analysis and combine it
with optical manipulation studies to investigate the contribution of
individual cells to the myocardial network.
8.3.6 Cardiac conduction analysis in beating hearts
The analysis of 4D optical mapping data acquired with the custom-
built microscope revealed the 3D path of the conduction wave in si-
lenced zebrafish hearts. Unfortunately, the required silencing of the
hearts limits the interpretability of the results. The injection of the
morpholino targeting the translation of cardiac troponin results in
successful uncoupling of conduction-contraction, but has also visi-
ble effects on cardiac and overall zebrafish morphology. Although
injected zebrafish have the unique ability to survive for up to one
week without blood flow, they do form cardiac edema and are slightly
delayed in development (Section 4.3.2). Furthermore, the heart of in-
jected fish beyond 3 dpf show a phenotype very similar to those of
fish with blocked blood flow [Hove et al. 2003]: the lateral endocar-
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Figure 42 Distinct voltage and calcium transients in the embryonic zebrafish heart. AP: ac-
tion potential; AV: atrio-ventricular myocardium. A: Atrial and ventricular voltage and calcium
transients in the embryonic zebrafish heart. [Hou et al. 2014] B: Calcium transients and AP for
atrial, atrio-ventricular and ventricular myocardium. [Chi et al. 2008] C: Model for a chamber-
specific maturation of AP in the zebrafish heart, suggesting a stepwise transition from calcium-
to sodium-driven AP. [Hou et al. 2014]
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dial walls of inflow and outflow tract collapse, and the myocardium
takes on a balloon shape (Section A.1). It would be unrealistic to as-
sume that those morphological changes have no effect on cardiac con-
traction, and previous studies share this view [Mikawa and Hurtado
2007]. Alternative approaches for silencing the heart suffer from the
same disadvantages. The popular drug-mediated uncoupling of car-
diac conduction and contraction allows to silence the heart temporar-
ily, but has severe side-effects and impacts on the heart rate [Hou
et al. 2014]. Light-mediated hyperpolarization using optogenetics is
an elegant way to stop the heart for a short moment (Section D.2), but
at the same time, it suppresses cardiac conduction (Section 7.3).
Consequently, an ideal representation of the wild-type cardiac acti-
vation pattern can only result from image data recorded in the beat-
ing, unaffected heart. The analysis of the beating heart would allow
to study all stages of zebrafish cardiac development without alter-
ing cardiac conduction in any way. Commonly acquired 2D image
data are not sufficient for this type of analysis (Section 4.3.1). For
that, high-speed 3D recordings and the segmentation and tracking of
myocardial cells are required (Section 6.1). My first results indicate
that cardiac conduction mapped in beating hearts shares a high sim-
ilarity with the one found in silenced hearts. The conduction wave
propagates from sinus venosus across atrial, atrio-ventricular and
ventricular myocardium to the outflow tract. Chamber-specific cal-
cium transients are also present (Section 6.1.4). Unfortunately, simul-
taneously measured intensities from a calcium-independent fluores-
cent reporter show fluctuations over the cardiac cycle, potentially due
to contraction-induced changes in cell shape and volume, or imper-
fect cell segmentation. Here, an additional step might be required
to compensate contraction artifacts. One potential strategy would
be the already demonstrated comparison with a second, calcium-
independent marker. Alternatively, a ratiometric fluorescent calcium
reporter could be used for optical mapping [Horikawa et al. 2010].
A powerful 3D cell segmentation is already implemented in our
new cardiac conduction analysis strategy (Figure 41). By adding a
cell tracking algorithm - and potentially compensation for cardiac
contraction - an analysis of beating zebrafish hearts will soon become
reality.
Regardless of the efforts on methods to analyze the beating heart,
one should not underestimate the unique potential of the silenced
zebrafish heart. Especially the comparative analysis of cardiac con-
duction in the beating and the silenced heart would open up new
ways to study the influence of contraction forces and blood flow on
cardiac activation patterns, gap junction localization, cell shape mat-
uration and chamber curvature formation [Auman et al. 2007, Meng
and Sachs 2012].
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8.4 robustness of embryonic cardiac conduction
The zebrafish is a well suited model system to study the robustness
of cardiac conduction. Its heart has a simple morphology and a man-
ageable number of cells involved in cardiac conduction, and is well
accessible for cardiac imaging (Section 4.1) and precise optical manip-
ulation (Section 7.1.2). The results of many experiments performed
in the zebrafish heart indicate a very robust cardiac conduction sys-
tem. Embryonic zebrafish have a highly regular heartbeat with less
than 1% fluctuations [Mickoleit et al. 2014]. The heart immediately re-
initiates with a stable heart rate after light-induced hyperpolarization
(Section 7.2) and atrial fibrillation (Section 7.4). When radical oxygen
species are released in its myocardium using a genetically encoded
photosensitizer, the heart slows down, but maintains a regular rate
(Section 7.5).
Optogenetic studies in the zebrafish heart localized its primary
pacemaker activity to only a few cells at the sinus venosus [Arren-
berg et al. 2010]. The question remains, how many cells are at least
required for a working cardiac conduction system. My photosensitiz-
ing experiments in the beating zebrafish heart indicate that not all
cells of the sinus venosus are required for the maintenance of a reg-
ular heartbeat (Section 7.5). However, although the photosensitizer
are specifically expressed in the myocardium and their activation are
limited to the region of the sinus venosus, the release of reactive oxy-
gen species potentially attacks and penetrates cell membranes. This
would result in the effect uncontrollably spreading into surrounding
tissue. Until the specificity of the photosensitizer has not been con-
firmed with an apoptotic marker, the results should be taken with
caution. Islet-1 (isl1) has recently been suggested as a specific marker
for the zebrafish cardiac pacemaker system, and it should help to lo-
calize myocardial cells with pacemaker activity [Tessadori et al. 2012].
However, in my hands, the results were not reproducible in the pro-
vided transgenic zebrafish line. As an alternative approach, our new
4D analysis will make use of the cellular resolution and allow us to
backtrack the conduction wave to its origin cell(s).
Simultaneous optical mapping and manipulation helped me to bet-
ter understand calcium transients in the zebrafish heart (Section 7.3).
In future experiments, it could be the tool of choice to decode the car-
diac conduction system’s adaptation to aggravated conditions. Mea-
suring calcium transients and activation patterns while optically con-
trolling cardiac excitability could reveal the impact on the cardiac
conduction system. Currently, its applicability is limited by some re-
strictions. Most current optogenetic tools are fused to fluorescent re-
porters to allow for convenient sorting of positive progeny. This often
results in a spectral overlap with fluorescent calcium or voltage re-
porters, as both typically have to share the visible spectrum. Optoge-
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netic tools without fused fluorescent reporters would hamper sorting,
but clarify the problem. Alternatively, the emission spectra of fluores-
cent reporters could be shifted towards the near-infrared, something
that has been recently achieved with calcium and voltage reporters
[Zhao et al. 2011, Kralj et al. 2011, Hochbaum et al. 2014]. Another
problem is the low efficiency and reproducibility of many optoge-
netic tools. The tools used in my studies often suffered from hetero-
geneous expression (Tg(myl7:Gal4, UAS:ChR2-eYFP)) or from varying
performance amongst siblings despite apparently homogeneous ex-
pression (Tg(myl7:Gal4, UAS:NpHR-mCherry)). Fortunately, improved
optogenetic tools have already been developed, and future studies
should make use of them [Gradinaru et al. 2010, Chuong et al. 2014].
Systems that can replace or supplement existing methods should also
be explored further. An alternative to channelrhodopsin could be car-
diac pacing with a pulsed laser, as recently demonstrated in hearts of
mouse and quail [Wang et al. 2014b], and laser ablation might be a
feasible substitute for KillerRed. My first ablation experiments using
ultraviolet laser light did not yield satisfying results, as it was difficult
to focus the laser into the comparably large zebrafish heart. However,
the better penetration of infrared light might make this wavelength
better suited for in vivo laser ablation.
A combination of optical manipulation with 4D cardiac conduc-
tion analysis would be ideal to study the robustness of the zebrafish
heart. However, this approach faces yet another issue. A typical exper-
iment would be designed to manipulate a specific subregions of the
zebrafish heart, e.g. the sinus venosus, while simultaneously record-
ing z-stack of movies. In the current microscope setup, the focal plane
of manipulation is coupled to the detection plane (Section 7.1.1). This
results in a loss of the target region while z-planes are recorded. A
potential solution would be to uncouple the focal planes, e.g. by im-
plementing a motorized drift correction into the manipulation arm.
8.5 the ventricular pacemaker system
My optogenetic studies in the 3 dpf zebrafish confirm the existence
of a ventricular pacemaker system. The patterned illumination of a
zebrafish heart expressing the light-mediated channelrhodopsin with
blue light results in myocardial hyperpolarization and trembling con-
tractions of the atrium, so called atrial fibrillation. Interestingly, the
ventricle maintains a regular heartbeat at all times (Section 7.4). This
is a clear indication for the existence of a secondary pacemaker sys-
tem that takes over in case of an emergency, and is presumably lo-
cated in the atrio-ventricular myocardium. Previous studies dated the
first activities of such a system to 4 dpf [Hou et al. 2014]. My exper-
iments suggest earlier established pacemaker activity. In order to de-
termine the onset of secondary pacemaker activity, it should now be
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tried to reproduce the findings in younger fish. Optical mapping dur-
ing induced atrial fibrillation could help to understand at which level
of manipulation the secondary system takes over. In addition, a set of
pharmacological treatments with parallel monitoring of cardiac con-
traction and conduction would reveal the components involved in ze-
brafish pacemaker activity. One candidate for such a drug treatment
is the L-type calcium channel blocker Verapamil that should first and
foremost impact the activity of primary and secondary pacemaker.
The effects of Verapamil have previously been studied in zebrafish
[Muntean et al. 2010], and I performed some initial tests that con-
firmed their findings.
An appealing approach to learn more about the development and
differentiation of a secondary pacemaker system would be compara-
tive studies in zebrafish that lack a specialized atrio-ventricular my-
ocardium [Milan et al. 2006]. Induced atrial fibrillation should affect
the entire heart independent of developmental stage. A combination
with optical mapping would allow to further analyze the extent of the
manipulation. In addition, zebrafish with weak atrium (wea), a muta-
tion that causes the absence of atrial contractions [Chen et al. 1996],
should be re-evaluated in this context. The lack of atrial myosin heavy
chain in those mutants presumably prevents the formation of a pri-
mary pacemaker system, and provides the opportunity to evaluate a
stand-alone secondary pacemaker system [Berdougo et al. 2003]. Con-
sequently, the silent ventricle (siv) mutant with non-contractile ventri-
cle should also be included in those studies [Arnaout et al. 2007].
Studies in zebrafish hearts expressing the light-mediated hyperpo-
larizer halorhodopsin or the photosensitizer KillerRed would presum-
ably confirm the findings mentioned above, but they are not con-
sistent. Hyperpolarizing the sinus venosus in 4 dpf halorhodopsin-
expressing zebrafish stops cardiac conduction in the entire heart (Sec-
tion 7.2), with no sign of ventricular contractions. The activation of
KillerRed in the sinus venosus of 3 dpf zebrafish also reduces the
ventricular heart rate (Section 7.5). However, both findings might re-
sult from limitations of the used tools. A hyperpolarization caused
by the activation of halorhodopsin might generate a large electrical
gradient between the illuminated region and the surrounding my-
ocardium, which could also result in a dominating hyperpolarization
of the secondary pacemaker system. In contrast, the hypopolarization
of the atrium in channelrhodopsin zebrafish could not suppress sec-
ondary pacemaker activity. Previous studies demonstrated that car-
diac contraction of the entire heart is reversed by pacing the outflow
tract and thereby confirm that pacemaker activity can be overrun [Ar-
renberg et al. 2010]. The same study also raises a point that speaks
against that theory: If hyperpolarization of the myocardium can over-
run pacemaker activity, it should work when illuminating any part of
the myocardium. However, the effect appears to be limited to the si-
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nus venous. Future studies have to find out if the sinus venosus is just
more prone to optical manipulation and higher light intensities could
indeed overrun cardiac conduction when illuminating other regions
of the heart. Again, the combination with cardiac optical mapping
could reveal the exact level of manipulation at which the conduction
wave collapses and the cardiac conduction system capitulates.
The results from experiments with the genetically encoded pho-
tosensitizer KillerRed do not confirm the existence of a secondary
pacemaker system (Section 7.5). The activation of KillerRed causes
the cytosolic release of reactive oxygen species, ultimately forcing the
cell into apoptosis [Bulina et al. 2006a]. Its expression is specific to
the myocardium, and the patterned illumination ensures the spatially
restricted activation. However, the released reactive oxygen species
are known to attack plasma membranes and might quickly spread
across the myocardium, attacking surrounding tissue including atrio-
ventricular myocardium. In addition, destroyed plasma membranes
and the included gap junctions would also result in a less efficient
propagation of action potentials, which would explain the reduced
heart rate. Control experiments with an apoptotic marker need to
identify the level of dispersion. Alternatively, individual cardiomy-
octes of the sinus venosus could be killed using laser ablation.

9
C O N C L U D I N G R E M A R K S
In the course of my thesis, I imaged and manipulated the zebrafish
heart and revealed details of its cardiac conduction system. My mul-
tidisciplinary work incorporated the fields of biology (transgenic ze-
brafish lines), medicine (cardiac research), engineering (custom-built
microscope) and computer science (image processing and analysis).
By combining aspects of all those scientific fields, I was able to look
at cardiac conduction from a different angle than previous studies. In
particular I focused on new techniques to study the importance of
individual cells in the context of the intact heart. The ability to an-
alyze the zebrafish heart with non-invasive methods opens up new
possibilities for cardiac research.
The next important steps are the transfer of the new methods to
the beating heart and the closer merge of cardiac optical mapping
and manipulation. This will strengthen the potential for systematic
studies of cardiac conduction under different conditions, such as sim-
ulated diseases. Streamlined cardiac conduction analysis will also un-
derpin the zebrafish’s use for high throughput drug screening.
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M E T H O D S
10.1 transgenic fish lines
Spectral properties of genetically encoded fluorescent reporters and
optogenetic constructs for cardiac imaging, optical mapping and op-
tical manipulation are listed in Table 2. Transgenic zebrafish lines are
listed in Table 3.
10.2 sample preparation
10.2.1 Zebrafish handling
Zebrafish (Danio rerio) adults and embryos were kept at 28.5 ◦C and
were handled according to established protocols [Nusslein-Volhard
and Dahm 2002] and in accordance with EU directive 2011/63/EU as
well as the German Animal Welfare Act.
10.2.2 E3 fish medium
A 60x stock solution of E3 was prepared from 175 g NaCl, 7.5 g KCl,
29 g CaCl2x2H2O and 49 g MgSO4x7H2O. 20 mL methylene blue were
added to 160 mL 60x E3 and added to 10 L with double-distilled H
2
O.
For sample mounting and imaging, methylene blue was left out, and
all other ingredients were added to 10 L with double-distilled H
2
O.
Before use, the 60x stock solution was diluted to 1x with double-
distilled H
2
O.
10.2.3 Blocking pigmentation
For cardiac imaging in zebrafish older than 1 dpf, the tyrosinase in-
hibitor 1-phenyl 2-thiourea (PTU) was used to block pigmentation.
A 50x stock solution with a concentration of 10 mM was prepared.
0.76 g of the powder were dissolved in a beaker with 500 mL double-
distilled H
2
O. The solution was heated to 60 ◦C for several hours
under agitation. The stock solution was stored at 4 ◦C. To block pig-
mentation, zebrafish embryos were kept in a plastic dish with E3 fish
medium and 400 µL of the concentrated solution.
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protein ex em act
general
eGFP 490 nm 525 nm -
dsRed 560 nm 590 nm -
mCherry 590 nm 610 nm -
optical mapping
GCaMP 490 nm 525 nm -
GCaMP3 490 nm 525 nm -
GCaMP5G 490 nm 525 nm -
Arch(D95N) 575 nm 700 nm -
optical manipulation
ChR2-eYFP 470 nm 510 nm 470 nm
Kaede (green) 510 nm 520 nm 350 −400 nm
Kaede (red) 570 nm 585 nm -
KillerRed 585 nm 610 nm 540 −580 nm
NpHR-mCherry 590 nm 610 nm 590 nm
Table 2 Spectral properties of genetically encoded fluorescent reporters and optogenetic con-
structs used in this work. EX: peak excitation wavelength, EM: peak emission wavelength, ACT:
peak activation/conversion wavelength.
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name description
general
Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed) eGFP in endocardium, dsRed in my-
ocardium and blood cells
Tg(myl7:H2A-mCherry) mCherry in myocardial nuclei [Schu-
macher et al. 2013]
Tg(myl7:eGFP eGFP in myocardium
Tg(kdrl:eGFP) eGFP in endocardium
Tg(actb1:rasGFP, actb1:H2A-mCherry) eGFP in cell membranes, mCherry in nu-
clei [Thisse and Thisse 2004]
optical mapping
Tg(myl7:Arch(D95N)-GCaMP5G) Arch(D95N) and GCaMP5G in my-
ocardium [Hou et al. 2014]
Tg(myl7:Arch(D95N)-GCaMP5G,
myl7:H2A-mCherry)
Arch(D95N), GCaMP5G and nuclear
marker in myocardium [Hou et al. 2014,
Schumacher et al. 2013]
Tg(myl7:Gal4FF, UAS:GCaMP3) GCaMP3 in myocardium [Tian et al. 2009,
Muto and Kawakami 2011]
Tg(myl7:GCaMP) GCaMP in myocardium [Nakai et al.
2001]
optical manipulation
Tg(myl7:Gal4, UAS:ChR2-eYFP) Channelrhodopsin-2 and eYFP in my-
ocardium [Nagel et al. 2003]
Tg(myl7:Gal4, UAS:NpHR-mCherry) Halorhodopsin and mCherry in my-
ocardium [Zhang et al. 2007]
Tg(myl7:Gal4FF, UAS:NpHR-mCherry,
UAS:GCaMP3)
Halorhodopsin, mCherry and GCaMP3
in myocardium [Zhang et al. 2007, Tian
et al. 2009, Muto and Kawakami 2011]
Tg(myl7:LifeAct-GFP, myl7:Gal4,
UAS:NpHR-mCherry)
Halorhodopsin and mCherry in my-
ocardium, Lifeact-eGFP in myocardial
sarcomere [Zhang et al. 2007, Reischauer
et al. 2014]
Tg(myl7:Gal4,
UAS:KillerRed-dMito-IRES-eGFP)
KillerRed and eGFP in myocardium [Bu-
lina et al. 2006a]
Tg(myl7:Kaede) Kaede in myocardium [Ando et al. 2002]
Table 3 Transgenic zebrafish lines used for cardiac imaging, cardiac optical mapping and
optical manipulation studies.
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10.2.4 Retinal supplementation
For voltage imaging using Tg(myl7:Arch(D95N)-GCaMP5G) zebrafish
before 24 hpf, all-trans retinal (ATR) was prepared and supplied. A 4
mM all-trans retinal1 stock solution was prepared in 25% propylene
glycol2 and 75% (2-hydroxypropyl)-B-cyclodextrin solution3.
(v/v). The stock solution was bath-sonicated for 30 min in ice water.
The ATR stock solution was aliquoted and frozen at −80 ◦C. The stock
solution was kept dark to avoid photoconversion and photolysis. On
the day of imaging, ATR stock solution was diluted to 2 µm in 2 mL
E3 fish medium. Dechorionated zebrafish embryos of interest were
incubated in ATR for 3 to 6 h in the dark. Incubated embryos were
then rinsed in several washes of E3.
10.2.5 Morpholino antisense knock-down
In order to block cardiac contraction throughout embryogenesis, 4 ng
of a previously designed morpholino oligonucleotide (Gene Tools) to
bind the cardiac troponin (Tnnt2) translation start codon and flanking
5’ sequence [Sehnert et al. 2002] were injected into embryos at the 1
cell stage.
10.2.6 Sample mounting
For optical mapping and optical manipulation experiments, zebrafish
were mounted in 1.5% low-melting point agarose4 in E3 either in FEP
tubes5 (for zebrafish between 1 dpf and 3 dpf) or glass capillaries (4
dpf zebrafish and older).
For embedding using glass capillaries, embryos were placed in liq-
uid agarose, drawn into a capillary6 with Teflon-coated plungers7 and
extruded after polymerization. For embedding in FEP tubes, embryos
were placed in liquid agarose and drawn into an FEP tube with a nee-
dle8 and syringe9.
For long-term imaging exceeding 2 hours, embryos were either
mounted in 0.1% low-melting point agarose in FEP tubes or in 3%
methyl cellulose10 in stretched FEP tubes.
1 all-trans retinal, Sigma-Aldrich R2500 | www.sigmaaldrich.com (10/17/2014)
2 propylene glycol, Sigma-Aldrich P4347 | www.sigmaaldrich.com (10/17/2014)
3 (2-hydroxypropyl)-B-cyclodextrin, Sigma-Aldrich H5784 | www.sigmaaldrich.com
(10/17/2014)
4 low-melting point agarose, Sigma | www.sigmaaldrich.com (10/17/2014)
5 tubes made from fluorinated ethylene propylene, inner diameter 0.8 mm, outer di-
ameter 1.6 mm, refractive index 1.338, Bola S1815-04 | www.bola.de (10/27/2014)
6 Transferpettor caps black, 1/1.55 mm, Brand 701904 | www.brand.de (10/27/2014)
7 piston rod for Transferpettor, Brand 701932 | www.brand.de (10/27/2014)
8 Sterican 100, blunt, B. Braun | www.bbraun.com (10/27/2014)
9 Omnifix F Solo 1 ml Syringe, B. Braun | www.bbraun.com (10/27/2014)
10 methyl cellulose, Sigma | www.sigmaaldrich.com (10/27/2014)
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For mounting in 0.1% agarose, the tube was coated with 3% methyl
cellulose and rinsed once with E3. Then, the embryos were placed
in the mounting medium and drawn into the tube with needle and
syringe. The tube was plugged with solid 1.5% agarose.
For sample mounting in stretched FEP tubes, tubes of appropri-
ate length were locally heated and pulled using the test mode of
a micropipette puller11. Afterwards, embryos were placed in liquid
methyl cellulose and drawn tail first into the tube and close to the
narrow section with needle and syringe. The tubes were incubated in
E3 for 2 h at 28.5 ◦C with the fish head up to allow the embryos to
settle in the narrow section.
For every mounting technique, the embedding medium of choice
was prepared as a stock solution with E3 [Nusslein-Volhard and Dahm
2002] and stored in 1 mL aliquots. 150 mg/L Tricaine12 was used to
suppress skeletal muscle contractions in 4 dpf and 5 dpf zebrafish
[Kaufmann et al. 2012].
All FEP tubes were cleaned prior to sample mounting. The tubes
were flushed with 1 M NaOH13, placed in 0.5 M NaOH and ultrason-
icated for 10 min. They were flushed with double-distilled H
2
O and
70% ethanol. Tubes were then placed in 70% ethanol and ultrasoni-
cated for 10 min. Finally, tubes were flushed with, cut into pieces of
3 cm length and stored in double-distilled H
2
O. All cleaning solution
had been filtered using a syringe filter14 [Weber et al. 2014a].
10.3 microscopy
10.3.1 Microscope design
The entire light sheet microscope for cardiac imaging and manipula-
tion was designed in the 3D-CAD software SolidWorks15 using 3D
models provided by the manufacturers and custom-designed parts.
The 3D models for all custom-designed parts were then machined
from aluminum or plastic in the in-house workshop16. The parts
made from aluminum were afterwards anodized17. The sample cham-
ber is made from polyamide using selective laser sintering18. An
overview of the system design is given in the appendix (Section B.1).
11 Sutter Instruments P-97 micropipette puller | www.sutter.com (10/17/2014)
12 Tricaine / MS-222, Sigma-Aldrich E10521 | www.sigmaaldrich.com (10/17/2014)
13 Sodium hydroxide, Merck 106469 | www.merck.com (10/17/2014)
14 Millex-HV PVDF, Merck SLHV033RS | www.merck.com (10/17/2014)
15 SolidWorks, Dassault Systemes | www.solidworks.com (9/18/2014)
16 Max Planck Institute for Molecular Cell Biology and Genetics | www.mpi-cbg.de
(9/18/2014)
17 Nehlsen Flugzeug-Galvanik | www.bwb-group.com (9/18/2014)
18 Sander Kunststofftechnik | www.sander-kunststofftechnik.de (9/18/2014)
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10.3.2 Cardiac imaging system
The main components for sample handling, illumination, detection
and optical manipulation are summarized in table 4. Software and
computer configurations are listed in table 5.
10.3.3 Simultaneous voltage and calcium imaging
A custom-built digitally scanned light sheet microscope (DSLM) in
the Huisken lab [Keller et al. 2008] was used to simultaneously record
fluorescent signal from genetically encoded voltage and calcium re-
porters in Tg(myl7:Arch(D95N)-GCaMP5G) zebrafish. The setup incor-
porated two 16x/0.8 water dipping objectives19 for illumination and
detection, a 594 nm laser for single-sided light sheet illumination, a
dual-color image splitter with 525/50 and 690/70 band-pass filters,
and a sCMOS camera.
10.3.4 High-speed volumetric imaging
A custom light sheet microscope for high-speed volumetric imaging
in the Huisken lab [Fahrbach et al. 2013b, Mickoleit et al. 2014] was
used to quickly capture z-stacks from Tg(myl7:Gal4FF, UAS:GCaMP3)
zebrafish hearts. The setup incorporated a 10x/0.3 and a 20x/0.5
water-dipping objective for illumination and detection, a 488 nm laser
for single-sided light sheet illumination, an electrically focus-tunable
lens20 in the detection arm, a 525/50 band-pass filter and a sCMOS
camera.
10.3.5 Microscope alignment
A reflective grid sample and fluorescent beads in agarose are the two
major tools used for fine tuning the light sheet.
A piece of a stage micrometer21 was glued vertically to a syringe
and used for light sheet alignment. Placed at 45◦, the reflective grating
directs the light sheet into the detection path. It was then detected as a
line on the camera, and could be used to check the light sheet’s waist
position. The transparent spaces between the grid could be used to
identify the focal plane of the detection lens using transmitted light.
The light sheet was then focused and rotated such that the reflected
laser overlays with the focal plane of the detection lens.
19 CFI75 LWD 16x/0.8 W, Nikon | www.nikoninstruments.com (10/17/2014)
20 electrical lens EL-10-30, Optotune | www.optotune.com (10/17/2014)
21 multi-grid standard stage micrometer, Edmund Optics 58-607 | www.edmundoptics.
com (10/17/2014)
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component description
sample handling
sample chamber polyamid
perfusion 2 peristaltic pumps
PID-controlled peltier
translational motors 3 15 mm micro-translation stages
rotational motor piezo rotation stage
illumination
type of illumination static light sheet, double-sided
laser 488 nm 200 mW DPSS
561 nm 200 mW DPSS
dichromatic mirror 473-491R
beam splitter achromatic half-wave plate 400-800 nm
polarizing beam splitter 420-680 nm
illumination control AOTF
mSPIM mirrors 1 kHz resonant mirrors
cylindrical lenses 50 mm
illumination objectives 10x/0.2 Air
detection
type of detection wide-field, single-sided
detection objective 20x/1.0 W
magnification changer 0.63/1.3/1.6/2.0x
image splitter dual-wavelength
dichromatic mirror Long-pass 565, Short-pass 555
filter 1 (GCaMP, GFP) Band-pass 525/50
filter 2 (mCherry, DsRed) Long-pass 561
filter 3 (Arch(D95N)) Band-pass 690/70
camera sCMOS 6.5 µm/pixel 2048x2048
optical manipulation
illumination 200 W mercury lamp
patterned illumination Digital micromirror device
trigger generator Arduino board
filter 1 (Kaede) Band-pass 360/40
filter 2 (Channelrhodopsin) Band-pass 472/30
filter 3 (Halorhodopsin) Band-pass 585/29
dichromatic mirror 495/605
Table 4 Components of the custom-built microscope for sample handling, light sheet illumi-
nation, detection and optical manipulation.
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component description
software
operating system Microsoft Windows 7 64bit
system control LabView
computer
system drive 256 GB SSD
data drives 4x 480 GB SATA600 SSD (RAID 0)
4x 3 TB SATA600 HDD (RAID 0)
data drive RAID controller PCIe 6 Gb/s with 8 ports
network connection 10 Gigabit Ethernet
memory 24 GB RAM
processor Quad-Core Intel Xeon
Table 5 Microscope software and computer hardware
Fluorescent beads22 were added to 1.5% low-melting point agarose
to a final concentration of 1:2000. Beads in agarose were then taken
up into FEP tubes and used to determine the exact positioning of
the light sheet in the focal plane of the detection objective. In addi-
tion, agarose-embedded beads were also used to determine the point
spread function of the microscope.
10.4 image processing and -analysis
10.4.1 Post-acquisition synchronization
To reconstruct the beating/conducting zebrafish heart in 3D, a stack
of movies was recorded. Each movie was recorded with frame rates of
200 − 400 Hz over a period of 1 − 1.5 s, covering between 2 and 6 car-
diac cycles. A stack of movies covering the entire heart consists of 150-
250 movies with a z-spacing of 1 − 2 µm. The timing of cardiac cycles
in these movies were out of phase and could not be directly assem-
bled to a 3D image. A post-acquisition registration algorithm was de-
signed to reconstruct the heart based on similarity. The Pearson’s cor-
relation coefficient between full periods in movies of adjacent planes
was calculated. The periods with minimal differences were selected
and stacked to obtain a 3D image of the dynamic heart. The syn-
chronization quality improves with increasing acquisition speed and
22 Fluorescent Estapor Microspheres F-XC010 (100 nm, EX 488 nm, EM 520 nm) and F-
Y050 (500 nm, EX 488 or 561 nm, EM 565 nm), Merck | www.merck.com (10/17/2014)
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minimized z-spacing [Mickoleit et al. 2014]. The synchronization was
performed in Fiji [Schindelin et al. 2012].
10.4.2 Heart segmentation
In order to segment the myocardium based on the fluorescence ex-
pression of Tg(myl7:Gal4FF, UAS:GCaMP3) and Tg(myl7:Arch(D95N)-
GCaMP5G) zebrafish, the gradient vector flow [Xu and Prince 2003]
of each image plane of a synchronized 4D dataset (Section 10.4.1) was
calculated in Matlab23. Then, starting from a manually selected plane
in the center of the z-stack, active contour external force [Li and Ac-
ton 2007] was applied to an initial ellipsoid shape. The respective final
shape of each plane was then used as the starting point for adjacent
planes. All the shape’s coordinates were stored in a matrix.
10.4.3 Cardiac conduction analysis
The myocardium coordinate matrix generated by the heart segmenta-
tion was used as a starting point for the cardiac conduction analysis
in Matlab. Calcium transients were extracted from the synchronized
4D data at a region of 3x3 pixels around every coordinate indicated
in the matrix. The positions of minimum and maximum fluorescence
intensity (onset and peak of the calcium transients) were identified
using non-linear iterative curve fitting24. Coordinates with too low
signal-to-background ratio were excluded from the matrix. Positional
information could then be used to locate the position of the calcium
signal in time and space.
10.4.4 3D nuclei detection and tracking
Detection and tracking of myocardial nuclei were performed using
Imaris Measurement Pro25. After the subtraction of the background,
nuclei were detected as spots in the H2A-mCherry channel based
on local contrast. Detected spots were adapted in size using region
growing, and then filtered based on overall quality. Afterwards, they
were tracked using autoregressive motion with a maximum allowed
distance of 20 µm and maximum allowed gap size of 1. Tracks were
filtered for completeness. Finally, calcium transients were extracted
from the corresponding volumes in the GCaMP5G channel.
23 MathWorks Matlab | www.mathworks.com (10/17/2014)
24 non-linear iterative curve fitting, Thomas C. O’Haver | http://terpconnect.umd.
edu/~toh (10/27/2014)
25 Bitplane Imaris | www.bitplane.com (9/21/2014)
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10.4.5 Image data processing and visualization
Image data processing and visualization was performed in either
Imaris, FluoRender26 or Fiji [Schindelin et al. 2012]. Processing and
visualization steps included image cropping and stitching, maximum
or average intensity projection, gamma and contrast adjustment, vol-
ume rendering, surface rendering, color overlay and unsharp mask.
26 FluoRender | www.fluorender.com (10/7/2014)
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a.1 side effects of morpholino injection
The injection of a morpholino targenting tnnt2a into the zebrafish zy-
gote has visible effects on the developing embryo (Figure 43). The lack
of oxygen caused by the absence of blood circulation results in the
formation of heart edema from 2 dpf onwards. Heads of morpholino-
injected zebrafish are typically smaller, the spine is bent and the over-
all agility is lower. Blood cells are mostly absent in the heart and ac-
cumulate in dorsal veins. Morpholino-injected zebrafish survive for
up to one week.
Figure 43 Morphology of morpholino-injected zebrafish. Morpholinos targeting tnnt2a were
injected into the zygotes of wild-type 1 dpf to 4 dpf zebrafish. Visible effect include the forma-
tion of edema (arrows) and a delay in development. Bright-field images. Scale bar: 500 µm.
a.2 correlation of calcium release and cardiac con-
traction
The injection of a morpholino targeting cardiac troponin (tnnt2a) into
zebrafish zygotes inhibits cardiac contraction (Section 4.3.2). Cardiac
conduction is then monitored using GCaMP5G as a calcium-sensitive
fluorescent reporter (Section 4.3.3). However, it is not clear how well
the reported conduction events correlate with cardiac contraction in
beating zebrafish hearts. Therefore, I compared calcium transients
from silenced hearts expressing GCaMP5G with contraction profiles
of beating hearts expressing a fluorescent nuclear marker at 2 dpf
(Figure 44).
The resulting data clearly shows a close correlation of calcium
transients and contraction. Peak calcium concentrations reported by
GCaMP5G propagate through the myocardium at a speed very sim-
ilar to the appearance of cardiac contractions in comparable regions.
No contractions are skipped. Potential time offsets between reported
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Figure 44 Correlation of calcium transients and cardiac contractions. 2 dpf
Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-mCherry) zebrafish. A: Optical sections of silenced
hearts expressing GCaMP5G. B: Optical sections of beating hearts expressing H2A-mCherry. C:
Calcium transients and beat profiles from atrium (1), atrio-ventricular canal (2) and ventricle
(3). Datasets are aligned to position of first intensity peak. Scale bar: 20 µm.
calcium release and actual cardiac contraction could not be measured
with the presented method as this would require a simultaneous mea-
surement of calcium release and cardiac contraction.
Taken together, this test demonstrates that calcium transients re-
ported by GCaMP5G in the silent heart correlate well with contrac-
tions in the beating heart.
a.3 comparison of fluorescent calcium reporters
A well performing and reliable fluorescent calcium reporter is a key
requirement for in vivo optical mapping. The ideal reporter should of-
fer a high signal-to-background ratio, a low variability in fluorescence
signal across the myocardium and between siblings, a low bleaching
rate, as well as viable offspring. I therefore compared three different
versions of GCaMP for in the heart of 2 dpf zebrafish (Figure 45).
All these GCaMP versions reported periodic cardiac conduction
events and are suitable for in vivo optical mapping, but the compari-
son revealed important differences. GCaMP shows a very low signal-
to-background ratio. GCaMP3 has the best signal-to-background ra-
tio, but shows a variability from fish to fish and between different
regions of the myocardium. Furthermore, GCaMP3 offspring showed
a reduced survival rate, gene silencing and congenital heart defects in
homozygous fish. All three are reported potential side effects of the
Gal4(FF)-UAS [Muto and Kawakami 2011]. GCaMP5G shows a signal-
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Figure 45 Comparison of transgenic calcium reporters expressed in the zebrafish heart. A:
Optical sections of 2 dpf zebrafish hearts expressing GCaMP (Tg(myl7:GCaMP)), GCaMP3
(Tg(myl7:Gal4FF, UAS:GCaMP3)) and GCaMP5G (Tg(myl7:Arch(D95N)-GCaMP5G)). Scale bar:
20 µm. B: Typical bleaching behavior. 10 s recordings with identical illumination and detection.
C: Average signal-to-background and signal variability in atrium, atrio-ventricular canal and
ventricle (second half of 10 s recordings, n=3 fish).
to-background ratio lower than GCaMP3, but higher than GCaMP.
The expression is less variable and zebrafish offspring viability is
much better when compared to GCaMP3. GCaMP5G shows supe-
rior bleaching stability when compared to GCaMP and GCaMP3. No
signs of the reported Gal4(FF)-UAS effects are visible in GCaMP or
GCaMP5G fish.
Overall, the Tg(myl7:Arch(D95N)-GCaMP5G) line offers the best bal-
ance of viable offspring, signal-to-background ratio and homogeneous
expression across the myocardium, which is why I used it for the ma-
jority of my experiments.
a.4 effect of temperature and laser power on heart
rate
The heart rate of embryonic zebrafish depends on the ambient tem-
perature and is influenced by the laser power (Figure 46). The tem-
perature dependency of 2 dpf zebrafish is almost linear within the
typically used range of 23.5 ◦C (room temperature, 2.2 Hz) to 28.5 ◦C
(physiological temperature, 3.5 Hz). When illuminated with a static
488 nm light sheet of 250 µm height, the heart rate of 2 dpf zebrafish
remains constant for low laser power. Heart rate increases by 2% at
5 mW and by 27% at 20 mW. All experiments were performed with a
maximum laser power of 4 mW. The only exception is voltage imag-
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Figure 46 Influence of temperature and laser power on heart rate. All measurements per-
formed using 2 dpf wild-type zebrafish mounted in 1.5% agarose in FEP tube. n=6 fish. A:
Dependency on temperature. Temperature of E3 fish medium measured in the sample cham-
ber, close to specimen. Comparison with previous data [Baker et al. 1997, Kopp et al. 2005]. B:
Dependency on laser power. 488 nm laser, static light sheet with 250 µm height. Laser power
measured at back aperture of the illumination objective. Temperature at sample: 28 ◦C.
ing in zebrafish expressing Arch(D95N), which required 20 mW of
561 or 594 nm laser.
B
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b.1 technical drawings of the custom-built microscope
The light sheet microscope used for the majority of the experiments
presented in this thesis has been custom-built for cardiac imaging.
The entire microscope was designed in a 3D-CAD software using a
combination of commercial and self-designed parts. Being able to test
different parts and measure distances beforehand in the 3D model
helped tremendously in building the real microscope. All technical
drawings are derived from the microscope’s 3D model. Figure 47 pro-
vides an overview of the entire setup. All major units of the micro-
scope are visible:
a. laser module
b. light sheet illumination arms
c. sample chamber
d. motor unit
e. detection arm
f. optical manipulation arm
Illumination arm 1 is depicted in more detail in Figure 48. Starting
point is the resonant mirror or mSPIM mirror (Section B.2). The ex-
panded laser is passed through a cylindrical lens that forms the light
sheet. This light sheet is then projected into the focal plane of the
detection objective.
Using illumination objectives is not essential, as the cylindrical lens
can also be positioned directly at the sample chamber. It is, however,
beneficial for compensating chromatic aberrations when using sev-
eral illumination wavelengths. In this way, one can achieve a good
overlay of 488 nm and 561 nm light sheet waists. Illumination arm 2
is symmetric to arm 1 and contains identical components.
Building two independent illumination arms, instead of splitting
a final light sheet, offers a higher flexibility. It appears to be more
complex, but allows to compensate for small differences between op-
tical and opto-mechanical components. This might ultimately make
it easier to maintain in daily use.
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Figure 47 Technical drawing of the microscope setup. The laser module combines the 488 nm
and 561 nm laser and splits the combined beam into two, one for each illumination arm. The
intensity for each arm is adjusted independently via the two AOTFs. Each illumination arm
generates a light sheet and projects it into the focal plane of the detection objective (Figure 48).
The detection objective in the detection arm collects fluorescence emission, or bright-field il-
lumination from the red LED. The image splitter separates collected light into two channels.
Both channels are projected onto the sCMOS camera chip. The white light lamp in the optical
manipulation arm illuminates the digital micromirror device (DMD). The DMD projects a user-
generated pattern into the field of view. The motor unit translates and rotates the mounted
specimen.
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Figure 48 Light sheet illumination arm. Optical arrangement of one of the two arms for light
sheet illumination. Excitation light from the laser module hits the center of a resonant mirror
(lower left). A beam expander widens the laser beam by a factor of 3.5. A cylindrical lens focuses
the beam in one dimension. Before entering the illumination objective, the laser is demagnified
by a 0.6x telescope. The light sheet is placed in the focal plane of the detection lens, which
collects the fluorescent light (upper right). A second, symmetric illumination arm generates an
identical light sheet (from top).
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b.2 pivoting light sheets to reduce stripe artifacts
Visible stripes are an evident peculiarity of light sheet illumination
and are caused by refraction, scattering and/or absorption in the spec-
imen (Section 2.2). Although stripes are unattractive for visual repre-
sentations, they are often insignificant for cardiac conduction analysis
(Section 4.4). The one exception is cell segmentation, as stripes might
split single nuclei into two parts.
Multi-directional selective plane illumination microscopy (mSPIM)
is a combination of two techniques that minimize stripe formation:
double-sided illumination and pivoting light sheets [Huisken and
Stainier 2007].
I integrated both techniques in the cardiac imaging system. Double-
sided illumination is often not applicable for in vivo cardiac imaging:
Due to the location of the heart between head and yolk, the light sheet
would have to penetrate through large amounts of tissue (Chapter 4).
However, both light sheets can be pivoted in the field of view by ac-
tivating a resonant mirror that oscillates with 1 kHz in a conjugate
plane of each illumination arm. This results in a visible reduction of
stripe formation (Figure 49). Several stripe artifacts remain due to
scattering blood cells, because pivoting light sheets cannot compen-
sate for scattering caused by quickly moving objects.
b.3 pivoting light sheets at high imaging speeds
Pivoting light sheets in an mSPIM configuration help to reduce stripe
formation (Section B.2). However, similar to scanned light sheets (Sec-
tion 2.1.1), the process of scanning is also a technical limitation: To
ensure a uniform illumination across the field of view, the scan speed
has to be ideally multiple times higher than the imaging speed. In
case of high-speed cardiac imaging, this is not always given. When
recording images at 400 Hz, the process of pivoting at 1 kHz can intro-
duce artifacts. This might not be visible by eye, but is easily detectable
when measuring calcium transients (Figure 50). Because of this effect,
I designed the cardiac conduction analysis to not rely on stripe-free
image data, and typically performed calcium measurements without
pivoting light sheets.
b.4 mounting strategies for long-term zebrafish imag-
ing
b.4.1 Multilayer zebrafish mounting in FEP tubes
Mounting zebrafish embryos in tubes made from fluorinated ethylene
propylene (FEP) proved to be a reliable technique for short experi-
ments (Section 5.2.2). For time-lapse experiments, sample mounting
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Figure 49 Stripe removal using mSPIM. The effect of a pivoting light sheet on image quality in
the cardiac light sheet microscope, two contraction snapshots from a contraction cycle of a beat-
ing heart, 4 dpf zebrafish, Tg(myl7:eGFP, 1.6x magnification changer, visible stripe formation
highlighted by arrows. Scale bar: 20 µm.
Figure 50 Artifacts introduced by mSPIM. At 400 Hz and beyond, a light sheet scanned with
1 kHz introduces artifacts. 2 dpf Tg(myl7:Gal4FF, UAS:GCaMP3) zebrafish, sih MO injected, 400
Hz, 1 kHz mSPIM scan. A: atrial systole, B: ventricular systole, C-E: calcium transients extracted
from atrium, atrio-ventricular canal and ventricle. E’: detail of transient E with mSPIM scan
visible as regular pattern.
122 appendix b
Figure 51 Multi-layer mounting for zebrafish long-term imaging. A: Comparison of zebrafish
embryo mounting in glass capillary (left) and FEP tube (right). B: Stereo-microscopic image
of zebrafish embryo mounted in FEP tube. Scale bar: 1 mm. C: FEP tube attached to a needle
for sample uptake (upper image) and attached to the microscope sample holder (lower image).
D: FEP tube with 45◦ tilt adapter. Scale bar: 2 mm. E: 52 h time-lapse of vascular development
in Tg(kdrl:eGFP) zebrafish [Kaufmann et al. 2012]. Scale bar: 500 µm. 1 movie is available in
Appendix E.
must not limit the embryo’s growth. Zebrafish embryos grow unper-
turbed when mounted in 0.1% agarose inside FEP tubes [Kaufmann
et al. 2012, Weber et al. 2014a]. In this way, developing embryos are
imaged over hours and even days (Figure 51). Thanks to the rigid-
ity of the tube, mounted embryos can now also be tilted to allow for
another degree of freedom.
Alternatively, zebrafish embryos can also be mounted with their
head up in 3% methyl cellulose inside stretched FEP tubes (sFEP)
(Section B.4.2).
b.4.2 Mounting zebrafish in a stretched FEP tube
In order to image zebrafish embryos over a course of several hours or
days, they can be mounted in stretched FEP tubes (sFEP) (Figure 52).
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Figure 52 sFEP mounting for zebrafish long-term imaging. A: sFEP with mounted 1 dpf ze-
brafish embryo attached to the sample holder. Scale bar: 500 µm. B: Transgenic Tg(actb1:rasGFP,
actb1:H2A-mCherry) zebrafish embryo at 1 dpf and 2 dpf, permanently mounted in sFEP and
incubated at 28.5 ◦C over night. Maximum intensity projections of stitched multi-tile z-stack
recordings. Scale bar: 250 µm.
The tubes are stretched by means of a standard pipette puller, so
that a constriction is achieved in the middle of the tube by which the
embryo is mechanically supported. In addition, the embryo is kept
stable by mounting it in 3% methyl cellulose. Perforating the tube
outside the field of view should facilitate the gas exchange with the
surrounding E3 fish medium.
Embryos embedded using the sFEP method develop normally over
a course of 24 h. In addition, this mounting strategy provides enough
mechanical stability for multi-tile z-stack recordings.

C
A P P E N D I X C
c.1 3d-imaging of the beating zebrafish heart
In order to demonstrate the versatility of the custom-built light sheet
microscope and post-acquisition synchronization for cardiac imaging,
I recorded and synchronized 4D image data from 1 dpf (Figure 53), 2
dpf (Figure 54) and 4 dpf (Figure 55) zebrafish hearts. I could include
the surrounding vasculature by extending the field of view to 500 µm.
The recorded 4D datasets are synchronized based on the periodic
changes of the endocardium.
c.2 orthogonal views of silenced, synchronized hearts
By analyzing orthogonal projections, I confirmed that the calcium-
dependent periodic changes in fluorescence intensity are indeed suffi-
cient to synchronize z-stacks of movies of an entire silenced zebrafish
heart using post-acquisition synchronization (Figure 56).
c.3 4d conduction pattern of the zebrafish heart
The entire pattern of cardiac conduction is reconstructed from 4D
image data recorded with the custom-built light sheet microscope
(Chapter 5) and reconstructed using post-acquisition synchronization.
The myocardium is segmented using an adaptive snake algorithm
(Section 4.4, Section 6.2), and the calcium transients of each voxel are
analyzed for minimum and maximum fluorescence intensities. The
spatio-temporal distribution of calcium concentrations is then plot-
ted in 3D onto the segmented myocardium (Figure 57). Remaining
artifacts of the snake segmentation are later on removed using the
extracted calcium transients (Section 6.2.4).
c.4 effect of sample orientation on conduction analy-
sis
Successful post-acquisition synchronization relies on 4D image data
recorded from an ideal acquisition angle. Ideally, the heart is imaged
from an angle perpendicular to the propagation direction of the con-
duction wave. If imaged along the propagation direction, synchro-
nization often fails and results in a corrupted conduction pathway
(Figure 58).
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Figure 53 1 dpf beating zebrafish heart and surrounding vasculature. Transgenic Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Relaxed (A) and contracted heart tube (B). IFT: inflow tract,
OFT: outflow tract. Post-acquisition synchronization based on image data recorded from endo-
cardium. Grid spacing: 50 µm. 2 movies are available in Appendix E.
Figure 54 2 dpf beating zebrafish heart and surrounding vasculature. Transgenic Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Ventricular (A) and atrial systole (B). IFT: inflow tract, A:
atrium, AVC: atrio-ventricular canal, V: ventricle, OFT: outflow tract. Post-acquisition synchro-
nization based on image data recorded from endocardium. Grid spacing: 50 µm. 2 movies are
available in Appendix E.
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Figure 55 4 dpf beating zebrafish heart and surrounding vasculature. Transgenic Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Ventricular (B) and atrial systole (C). IFT: inflow tract, A:
atrium, AVC: atrio-ventricular canal, V: ventricle, OFT: outflow tract. Post-acquisition synchro-
nization based on image data recorded from endocardium. Grid spacing: 50 µm. 2 movies are
available in Appendix E.
c.5 high-speed volumetric imaging with a tunable lens
The combination of high-speed image recordings and post-acquisition
synchronization proved to be a powerful approach to image the ze-
brafish heart and reveal the 4D pattern of cardiac conduction (Chap-
ter 6). Post-acquisition synchronization uses the very stable and peri-
odic heartbeat to synchronize adjacent movies in time [Mickoleit et al.
2014].
Unfortunately, this periodicity is not always given. The two main
cases are arrhythmic hearts and blood flow. Especially imaging car-
diac arrhythmia could be beneficial for the understanding of the car-
diac conduction system. One solution to achieve almost instantaneous
volumetric image recordings is light sheet microscopy with a electri-
cally focus-tunable lens (ETL) in the detection path [Fahrbach et al.
2013b]. This lens allows to quickly scan through the heart in axial di-
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Figure 56 Orthogonal views of the conduction pathway in a silenced zebrafish heart. 2 dpf
Tg(myl7:Gal4FF, UAS:GCaMP3). silenced zebrafish heart, post-acquisition synchronization, or-
thogonal views (xy, xz, yz), A: maximum fluorescence signal in atrium, B: minimum fluores-
cence signal in atrium. Scale bar: 20 µm. 1 movie is available in Appendix E.
Figure 57 4D conduction pattern of the zebrafish heart. Silenced heart of a 2 dpf
Tg(myl7:Gal4FF, UAS:GCaMP3) zebrafish recorded at 400 Hz. Post-acquisition synchronization,
adaptive snake segmentation and calcium peak analysis. Green: myocardium, blue: point of
minimum calcium concentration, red: point of peak calcium concentration. Grid spacing: 20 µm.
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Figure 58 Corrupted conduction pathway analysis caused by wrong acquisition angle. Non-
consistent wave patterns appear when the image data is recorded along the direction of the
conduction wave. Silenced heart of a 2 dpf Tg(myl7:Gal4FF, UAS:GCaMP3) zebrafish recorded at
400 Hz. Post-acquisition synchronization, adaptive snake segmentation, calcium peak analysis.
3D plot of calcium peak positions, color-coded for time. Light blue: point of minimum calcium
concentration, black: point of peak calcium concentration. Grid spacing: 20 µm. 1 movie is
available in Appendix E.
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Figure 59 3D cardiac imaging with a tunable lens. Silenced heart of a 2 dpf Tg(myl7:Gal4FF,
UAS:GCaMP3) zebrafish. A: Intensity projection of the same heart recorded with the cardiac
imaging system and post-acquisition synchronization (left) and the ETL setup (right). Scale bar:
20 µm. B: Calcium transients recorded in atrium (1) and ventricle (2). 1 movie is available in
Appendix E.
rection. To illuminate the respective plane of interested quick enough,
the light sheet is synchronously scanned in lateral direction using a
galvanometric mirror. In order to evaluate the applicability of this
technique for cardiac conduction analysis, I imaged a silenced ze-
brafish heart expressing GCaMP3 with an ETL setup (Figure 59).
Using the setup, I could record real-time 4D cardiac activation
patterns with a speed of 60 volumes per second. The data resem-
bles known calcium transients and conduction waves. Although the
acquisition speed of the setup is impressive, it is not yet sufficient
for reliable conduction tracking with cellular resolution (Section 5.3).
In addition, the much shorter exposure time per frame reduces the
signal-to-background ratio, and parts of atrium and ventricle are cut
off due to the ETL’s limited axial travel range. Furthermore, there re-
mains a delay between first and last frame of each z-stack. Although
it is greatly reduced when compared to slower acquisition speeds, it
might alter the result of cardiac conduction analysis.
D
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d.1 effect of optical manipulation on wild-type hearts
Similar to the laser power used for imaging the heart (Section A.4),
the illumination used for optical manipulation could potentially im-
pact the zebrafish heart rate. In order to quantify this effect, I illumi-
nated wild-type hearts and measured their heart rate before, during
and after illumination (Figure 60). The results show that the heart rate
does increase by on average 4.9% during illumination with 585 nm.
This effect is limited to the period of illumination, and does not have
a long-term impact on the embryo’s heart rate.
Figure 60 Impact of optical manipulation on wild-type zebrafish hearts. Heart rate of a 2 dpf
wild-type zebrafish heart with and without optical manipulation. Entire heart illuminated for
10 s with an X-Cite DC200 and a 585/29 band-pass filter. A: Atrial diastole before, during and
after illumination. B: Change in heart rate. n=6 fish. Scale bar: 20 µm.
d.2 imaging of optogenetically stopped hearts
Simultaneous optical mapping and manipulation has been a useful
tool to decipher calcium transients in Tg(myl7:Gal4FF, UAS:NpHR-
mCherry, UAS:GCaMP3) zebrafish hearts (Section 7.3). Light-mediated
suppression of cardiac contraction is achieved with a combination of
myocardial halorhodopsin expression and patterned illumination at
585 nm (Section 7.2). This feature is used to image the relaxed heart
at high resolution (Figure 61).
Myocardial movement is absent and consequently, cardiac imaging
does not require a high acquisition speed. The illumination time per
frame is increased, resulting in a higher photon yield and dynamic
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Figure 61 3D imaging of an optically stopped heart. 5 dpf zebrafish heart, Tg(myl7:LifeAct-
GFP, myl7:Gal4, UAS:NpHR-mCherry), suppression of cardiac contraction by illumination with
590 nm, simultaneous acquisition of z-stacks. Actin filaments in the ventricular sarcomere. A:
normal 15x magnification and 5 ms illumination time, B: 40x magnification and 100 ms
range. In this way, actin structures in the sarcomer highlighted by
LifeAct-GFP are clearly resolved in the optically stopped heart.
E
L I S T O F M O V I E S
The movies listed in Table 6 and Table 7 are encoded using the video
compression format H.264/MPEG-4 AVC. They can be found in the
attached DVD or viewed and downloaded at the following address:
http://1drv.ms/1wzx9RL
133
134 list of movies
movie description figure
fig10 Brightfield imaging of the zebrafish heart. Scale bar:
50 µm.
Figure 10
fig11a Optical sections of a 1 dpf Tg(kdrl:eGFP, myl7:dsRed,
gata1a:dsRed) zebrafish heart. Scale bar: 20 µm.
Figure 11
fig11b Optical sections of a 2 dpf Tg(kdrl:eGFP, myl7:dsRed,
gata1a:dsRed) zebrafish heart. Scale bar: 20 µm.
Figure 11
fig11c Optical sections of a 3 dpf Tg(kdrl:eGFP, myl7:dsRed,
gata1a:dsRed) zebrafish heart. Scale bar: 20 µm.
Figure 11
fig11d Optical sections of a 4 dpf Tg(kdrl:eGFP, myl7:dsRed,
gata1a:dsRed) zebrafish heart. Scale bar: 20 µm.
Figure 11
fig12a Fluorescence (GCaMP5G) and brightfield imaging in
20 hpf zebrafish hearts. Scale bar: 50 µm.
Figure 12
fig12b Fluorescence (GCaMP5G) and brightfield imaging in
21 hpf zebrafish hearts. Scale bar: 50 µm.
Figure 12
fig12c Fluorescence (GCaMP5G) and brightfield imaging in
22 hpf zebrafish hearts. Scale bar: 50 µm.
Figure 12
fig23 Heart and linked vasculature of a 3 dpf Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Grid: 50 µm.
Figure 23
fig23x Heart of a 3 dpf Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed)
zebrafish (different view). Scale bar: 20 µm.
Figure 23
fig25 2 dpf Tg(myl7:Arch(D95N)-GCaMP5G, myl7:H2A-
mCherry) heart. 3D nuclei tracking. Scale bar: 50 µm.
Figure 25
fig27 Silenced 2 dpf Tg(myl7:Arch(D95N)-GCaMP5G,
myl7:H2A-mCherry) zebrafish heart. Scale bar: 50 µm.
Figure 27
fig30 4D conduction pattern of a 2 dpf zebrafish heart.
Color-coded 3D plot. Grid: 50 µm.
Figure 30
Table 6 List of movies (1/2).
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movie description figure
fig36 Optogenetics in a 1 dpf Tg(myl7:Gal4FF, UAS:NpHR-
mCherry, UAS:GCaMP3) heart. Scale bar: 50 µm.
Figure 36
fig37a Induced atrial fibrillation in a 3 dpf zebrafish heart.
Illumination between sec 5 and 10. Scale bar: 50 µm.
Figure 37
fig41b 3D-reconstructed myocardial network with position
of calcium release onset. Scale bar: 20 µm.
Figure 41
fig51e 52 h time-lapse of vascular development in FEP-
mounted Tg(kdrl:eGFP) zebrafish. Scale bar: 500 µm.
Figure 51
fig53 Heart and linked vasculature of a 1 dpf Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Grid: 50 µm.
Figure 53
fig53x Heart of a 1 dpf Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed)
zebrafish (different view). Scale bar: 20 µm.
Figure 53
fig54 Heart and linked vasculature of a 2 dpf Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Grid: 50 µm.
Figure 54
fig54x Heart of a 2 dpf Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed)
zebrafish (different view). Scale bar: 20 µm.
Figure 54
fig55 Heart and linked vasculature of a 4 dpf Tg(kdrl:eGFP,
myl7:dsRed, gata1a:dsRed) zebrafish. Grid: 50 µm.
Figure 55
fig55x Heart of a 4 dpf Tg(kdrl:eGFP, myl7:dsRed, gata1a:dsRed)
zebrafish (different view). Scale bar: 20 µm.
Figure 55
fig56 Orthogonal view of a silenced 2 dpf Tg(myl7:Gal4FF,
UAS:GCaMP3) zebrafish heart. Scale bar: 50 µm.
Figure 56
fig58 Non-consistent cardiac conduction wave in 2 dpf
Tg(myl7:Gal4FF, UAS:GCaMP3) zebrafish. Grid: 50 µm.
Figure 58
fig59a High-speed ETL imaging in a 2 dpf Tg(myl7:Gal4FF,
UAS:GCaMP3) zebrafish heart. Scale bar: 20 µm.
Figure 59
Table 7 List of movies (2/2).
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